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Preface
My focus on my studies started only when my father said to me, “It is diﬃcult for
me to know how good you are at studies. Neither me nor nor my parents are well-
educated. I want to see you as a highly qualiﬁed person. I do take care of sending you
to a good school and the rest all is up to you only”. Although, these words motivated
me well the real direction for my life was obtained only when my physics lecturer S.N.
Murthy said, “Inspiration is the key for ones success. However, the inspiring person
need not be a Smawi Vivekananda or Adbul Kalam Azad. Because you never know
if you get to meet them at least once in your life. Look around and watch carefully,
you will ﬁnd one with whom you can interact more often”. A keen observation in
my environment showed me few role models. They were my friends and my family
member (Shanti Kumar). Those two statements drove me all the way to achieve (not
yet!) highest possible degree that one could get. It is the time for me to thank some
people I met.
@Theo: I still remember the day I met you for the ﬁrst time and I loved your
gesture by saying “Hello sir! how are you?” with a smile on your face. Your enthusiasm
for producing high quality of science at your lab, the way you fulﬁll the requirements
of your employees, how you socialize with people, maintaining a big scientiﬁc network,
and especially your time management, each and every quality of you is adorable. You
know how to let your employees work for you and how to pay them back in return.
Your valuable remarks and criticism some times (Raja! you are very sloppy) helped
me in improving my writing and presentation skills. I feel privileged and proud to
have worked in your group. The country of origin is not a criterium for the applicants
to apply for a position in your group. This creates an exceptional work environment.
Thanks a lot for the one email you sent for my post-doctoral research position.
@Alexey: It was worth waiting for ﬁve months just for a call from you, asking me to
attend an interview for a PhD position. Because I was lucky enough to be supervised
by a person like you, who was born to be a physicist. Your broad knowledge in
physics, strong dedication towards research, acceptance to challenges, discipline at
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work, will to learn something new, ﬁghting spirit in the community of science or
at sports (Soccer), and your anxiety to teach something, everything makes you so
special. “Hello! how is it going?...Let us make a plan...”, this is how you approached
me always. “Ask me questions, write to me or call me...I will have a look....let us
help each other”, these are the words I heard from you more often. The time to
time meetings (sometimes everyday), setting goals for the nearest future, and very
quick responses to my emails and requests (Ex: sending me to BESSY), helped me
in ﬁnishing my PhD within the project duration. You helped me a lot in improving
my writing skills and taught me preparing good presentations. Thanks a lot for your
patience. I remember each and every thought provoking statement you gave me.
@Andrei: On the ﬁrst day I met you, I asked you to show me the way to a super
market. You draw a map on a A4 sheet and extended it on to another paper as you
could not ﬁnish it on the ﬁrst one :). So I reached the nearest Albert Heijn without
any trouble. At the end of my ﬁrst seminar in our group, you came to me and said,
“convince yourself ﬁrst”. Since then I tried to follow your words and prepare carefully
for the other talks. I was lucky to be a student in your nanomagnetism course. I love
the way you teach physics. Sometimes I wished you were a faculty at the universities
in India where I studied. Your broad knowledge (both scientiﬁc and non-scientiﬁc),
perfection and punctuality at work are highly inspiring. I will never forget the special
SSI seminar at your place.
@Marilou: How can I say thanks to you?. You were always there to help me and
solved all my administration problems with your patience. I will miss your friendly
gestures and especially the sweet songs I hear from you when you pass by our oﬃces
sometimes. I also thank Mari-louise who oﬀered me help in the absence of Marilou.
I am very thankful to you all our technicians Tonnie, Andre, and Albert for their
extraordinary technical support during my experiments in the lab. My special thanks
to Tonnie for all the necessary training he gave me to handle the machinery in the lab,
and for the quick responses at the requests I had. I really enjoyed when you shared
some memories of your life. It was fun to compare the weather here in Netherlands
and there in India. I was always careful in the lab as I know if something goes wrong
Albert will hang me on my ears. However, I apologize to all the technicians for a
little mess I made during my last experiment.
I would like to thank Dr. Oksana Chubykalo-Fesenko, Prof. Robert Bowman, and
Prof. Wim van der Zande for being the thesis committee members and also for their
rapid response with the evaluation of my thesis. Your valuable remarks and feedback
were very helpful.
I thank Ilie and Loic for teaching me so much about the X-ray experiments at
BESSY and also for the help with the data analysis. Ilie! thanks for giving me the
opportunity to work with you. And also for your availability for the time to time
scientiﬁc discussions on skype. Loic! the conversations we had at the dinners and at
drinks in Berlin are memorable. Thanks for the suggestions you have given me.
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It was a great pleasure to learn pump-probe experiments from Sasha, Alex, and
Kadir in the beginning of my PhD. I am also thankful to Fred and Ilya who later
helped with the experiments. It was the most enjoyable time during Thursday drinks
meetings at cafe Jos, dinners at Don Pablo, bowling, and table foot ball with Kadir,
Sasha, Sam, Matteo, Fred (Raki party), Alex, Benny, Jonas, Chris, Johan J, Jan,
Dima Sr., and many others.
My three favorite persons amongst my colleagues are Sam, Matteo, and Davide.
Sam and Matteo (my boss)! You both are my inspiration at work and more over
my good friends out side university. I loved each and every conversation with you
especially the ones we had during many conferences (Ameland and Augustow). I
asked questions relevant and irrelevant to physics almost on each and every time I
met you. Thanks for answering all of them with lot of patience, also for helping me
with experiments, with data analysis, and for teaching me Mathematica. I thank you
both again for accepting my request to be my paranymphs during my PhD defense.
Sam! you were always there for me. Davide! I always love to spend time with you.
The conversations we had in our oﬃce, at coﬀee table, @FOM-Veldhoven (3 years)
and in Hongkong are always memorable. You gave me so many suggestions which
worked for me many times.
After the seniors left, the fun continued in our group with Jonas (spent nice
time with you in Italy, especially in La Spezia), Yusuke (enjoyed your presence in
the oﬃce), Ruslan (thanks for the help with 8T-magnet, do not scare people in the
nights), Dima Jr. (loved the conservations at home and also in Santa Margherita), and
Laura (the only fun loving girl in our group). It was wonderful to have multinational
colleagues and co-workers at the university: thanks to Addis, Benny (it was really
nice working together with you. Will miss you too. You helped me many times with
the Dutch translation. Especially with the summary of this thesis), Albert D, Bowen,
Christian, Denis A (thanks for Maya), Diana, Duncan, Jan, Johan M, Jonas, Kunal,
Laura, Loji, Magnus, Mathieu, Rostislav, Sergey, Thomas, Valeriy, and Wei-ta, my
gymmates Valeriy, Sergey, and Denis M (I will miss you three. Thanks a lot for the
training at gym), ﬁnally the lucky table foot-ballers Jeroen, Dennis D, and Lucas
(the cluster guys). Jeroen! I agree that you are the god of Latex :), you are a perfect
oﬃcemate.
The time I spent with my friends in Nijmegen is always cherishable and unfor-
gettable. I met here my closest friends in my life: Anil (thanks for my sketch. It
is the best present I received), Asha (you are the closest of all my friends), Aarthy
(my sister), Ashim&Chandan (You both are more than friends to me. You are my
strength. I will never forget your care and support during the tough times. I do not
know how I will survive without you both in the near future.), Venkat (thanks for
your valuable suggestions), Pragnya (I am a big fan of you), Papori (my cute friend),
Subhra Ji (missing you badly, see you soon), Suruchi (thanks for being a very good
friend to me), Patricja, Pavol, Nica, Na, Linjie, and Xing (my very ﬁrst friends in
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Nijmegen). I also thank Alokta, Ann, Anup, Arvind (sir ji), Ashwini, Chamanvitha
(smiley, it was very nice meeting you), Devasena, Ganesh, James, Kal, Kriti, Kun-
tal, Lokesh, Mahesh, Marvin, Nivesh, Payaswini (Panchi! Thank you very much),
Prasenjit, Priyanka, Ram Prasath, Sonny, Sriram, Suresh, Sudip da, Veeru, Vishnu
(anthenandi priya garu :)), De Souza uncle and aunt, Pooja, Rambir and my little
friends Rithika, and Amaira.
Apart from my studies, the only thing I knew was Cricket. During my school and
college I spent half of my time for playing and watching it. There was no bound to my
joy when I heard that Nijmegen has a cricket club, called Quick 1888. I played four
unforgettable seasons (two times champions) all over Netherlands with some highly
talented cricketers from all over the world.
I am always grateful to my school teachers Aruna Kumari, Bhanumathi (I adore
you), Chandra Sekhar, Sailaja Rani, and MT Kumar for their encouragement and
belief in me during my school days.
I thank Dr. Anjan Barman for considering my application for the summer intern-
ship, and Dr. Manish Sharma for giving me the opportunity to initiate my scientiﬁc
career at his lab at the Indian Institute of Technology, Delhi. Manish sir, I learned
a lot from you. There is no point in writing this preface without thanking another
inspirable person I met in my life, Dr. Wolfgang Wernsdorfer from Institut NE´EL,
CNRS-Grenoble, France. I thank him for taking me as a masters intern in his group,
where I learnt the actual deﬁnition for self-motivation.
Finally, I thank my parents (Saraswathi and Sankara Rao) for their never ending
love, support, and the only aspiration they have i.e., their children’s success. I always
respect your value for education and feel happy and proud to be your son. My special
thanks to my younger brother Giri Prasad for taking caring of our family in my
absence there in India. I also thank my grand father Satyam. I acknowledge the love
and aﬀection from my cousin Ramesh and his wife Neelima (ma vadina). I respect
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CHAPTER 1
Introduction to Magnetic Recording
The success in controlling the magnetization in a magnetic material by means of an
external stimulus such as a magnetic ﬁeld, electric current pulses, heat, and optical
laser pulses, each individually or in combination, has lead to the development of a
large number of magnetic data recording techniques in the last 100 years. However,
for the ever increasing demand of data storage, the recording of one bit of information
in a nano-sized magnetic domain at ultrafast time scales (< 100 ps) with the lowest
possible energy consumption (< 1 pJ) is highly desirable. At present neither the
techniques that are in use in hard-disc drives (HDD), heat-assisted magnetic recording
(HAMR), nor the recently developed all-optical switching (AOS) or the proposed bit
patterned media (BPM) can fulﬁl all these demands. This chapter aims to describe
the pros and cons of these diﬀerent magnetic data storage techniques. The chapter
will be concluded with the description of the scope of this thesis that will be focussed
on the further development of AOS.
1.1 Introduction
In 1878, Oberlin Smith introduced the idea of magnetic storage of the electrical signals
produced by the telephone on a steel wire. Since then many recording media have
been utilized. The hard disk drive was ﬁrst commercialized in the 1950s, and since
then the surface area of individual magnetic bits has shrunk by a factor of over 200
million, and disk drives now store most of the world’s information [1]. From wires on
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drums recording analogue signals to disks capable of storing digital data, magnetic
recording has established itself as the dominant computer data storage technique [2].
At present, the current device of choice is the hard disk drive (HDD) technology.
The potential techniques that can emerge into the market are heat-assisted magnetic
recording (HAMR), all-optical switching (AOS), and bit-patterned media (BPM). In
the following section, we will discuss all of them in detail.
1.2 Conventional Magnetization Reversal
The process of recording one bit of information in any magnetic memory device,
mainly involves the change in the state of a magnetization (M). These logical bits
are recorded by selectively setting M, in particular, either by changing from up to
down (in perpendicular magnetic media) or from left to write (in longitudinal media).
This process is nothing but writing or modifying one bit of information either from
‘0’ to ‘1’ or vice-versa. Changing this binary state of a storage element implies a
reversal of its magnetization, which can be achieved by an external magnetic ﬁeld. In
a typical ferromagnet, the reversal of the magnetization by 180 ◦, using an external
magnetic ﬁeld applied along but opposite to the direction of magnetizationM, follows
a precessional motion due to the torque (T) exerted on a dipole in an external magnetic
ﬁeld. The motion of a magnetization (M) in a magnetic ﬁeld H is described by a
phenomenological Landau-Lifshitz-Gilbert (LLG) equation, and is given by Eqn. 1.11:
dM
dt
= γ[M×H] + (α/M)[M×dM
dt
] (1.1)
The ﬁrst term describes the precession of M at a ﬁxed angle θ about the magnetic
ﬁeld direction H, due to the torque T = M×H into the direction dM/dt = γT, where
γ is the gyromagnetic ratio. The second term describes the change of M due to the
damping torque, causing M to turn toward the direction of H. During the damping
process the magnetization spirals into the ﬁeld direction and this process corresponds
to a change in angular momentum, which results in a dissipation of angular momentum
from the spin system to the lattice. Hence such a magnetization precession is mainly
triggered by the torque and its reversal is controlled by the damping. Since the change
of the angle between H and M involves angular momentum transfer to the lattice,
such reversal is limited by the spin-relaxation time, which is of the order of 100 ps
in typical metallic ferromagnets [3]. Each time when the magnetization has to be
reversed, the direction of the applied magnetization should be changed.
However if the external magnetic ﬁeld is pulsed and applied perpendicularly to
the magnetization M, the reversal of the magnetization can be faster and follows a
diﬀerent trajectory. Such a reversal is called “ballistic” or “precessional switching”
1Note that for H exactly opposite to M, the ﬁrst precessional term yields zero. The switching by
an opposite ﬁeld therefore requires small deviation from this orientation.
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[4]. The duration of the ﬁeld pulse should be tuned to the half period of one complete
precession of M, which is roughly 20 ps for a typical ferromagnet in an external mag-
netic ﬁeld of 1T. Since the torque, H×M is maximum for a perpendicular magnetic
ﬁeld, M starts a precession around H over an angle ≥ π/2 to cross the hard equato-
rial plane. Once it reaches this condition, M spirals itself due to damping into the
direction opposite with respect to the initial state. The advantage of such a switching
is that it is faster than the above mentioned H‖M switching, in which the spin-lattice
relaxation is the bottle neck for the speed of reversal. And also, one does not have
to switch the direction of the ﬁeld pulse, since the same pulse can switch M to the
other easy-axis direction.
How much faster can one hope to reliably write a bit?. To answer this question,
Tudosa et al. [5, 6] studied experimentally the magnetization reversal by precessional
switching at Stanford Linear Accelerator Center (SLAC) using the shortest magnetic
ﬁeld pulses (2 ps) available at that time. The experiment showed that the switch-
ing becomes non-deterministic when the switching time is shortened to about 5 ps.
The authors also concluded that if the pulse is shorter it leads to a fracture of the
magnetization at very fast time scales which requires a new theory of magnetization
dynamics that goes beyond the uniform precessional model.
1.2.1 Instability of a magnetic bit due to superparamagnetism
In recording media, the ﬂuctuations in magnetization orientation direction strongly
determine the stability of a written bit of information. Magnetic anisotropy energy
in a magnetic material is an important parameter that deﬁnes the easy axis of mag-
netization, along which all the spins orient. This energy is mainly determined by
the competition between magneto-crystalline anisotropy (due to spin-orbit coupling)
and shape anisotropy (due to the demagnetizing ﬁeld). To increase the density of
magnetic recording, the only approach followed by most of the industries is reducing
the size of the magnetic bit size. When the size of the magnetic material is reduced
(few nanometers to a couple of tens of nanometers), magneto-crystalline anisotropy
becomes too weak to hold magnetization in one direction. This type of magnetism
that occurs in small nanoparticles is called superparamagnetism and was predicted by
Frenkel and Dorfman [7], and such behavior was experimentally demonstrated by W.
Wernsdorfer et al. [8]. In these particles, the direction of magnetization ﬂuctuates as
a result of thermal excitations as the thermal energy at room temperature becomes
comparable to the magnetic energy of the grain, resulting in thermal instability. Due
to this, the direction of the magnetization randomly ﬂips. The stability of the mag-
netization is described by the Boltzmann factor and the average time to perform such
a ﬂip is given by the relaxation time:
τ = τ0 exp(ΔE/kBT ) (1.2)
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where τ0 is the characteristic time for the probed material (usually it is 10
−9 s),
ΔE = NμBHA/2 is the energy barrier the magnetization has to ﬂip by thermal
energy, N is the number of Bohr magnetons of a particle, kB is the Boltzmann’s
constant, HA is the magnetic anisotropy ﬁeld, and T is the temperature. Hence the
stability of a recorded bit is totally determined by ΔE, which in turn depends on
the number of bohr magentons present in a magnetic nanoparticle and its HA. By
selectively choosing a magnetic material, one can increase HA in order to prevent the
magnetization direction from random ﬂuctuations. The HA has to be at least 10
4Oe
(1Oe = 10
3
4π A/m) if the written has to last for few years [4].
1.3 Present and future Magnetic Recording Techniques
Figure 1.1a shows an illustration of the standard perpendicular recording scheme in
a HDD where the transducers (basically consisting of an electric coil which generates
the magnetic ﬁeld) are located at the vertical trailing end of the scanning head. The
ﬁrst commercial HDDs (IBM Ramac, 1956) had a capacity of 5MB with accessing
time of almost 1 sec and an areal recording density of 2 kbit per square inch [2], which
corresponded to each bit cell occupying an area of approximately 0.5× 0.5mm2. The
areal recording density of HDDs has been doubling roughly every two years. The
latest generation of HDDs are capable of storing several terabits (Tb) of informa-
tion, with individual bit cells having areas of less than 100× 100 nm2 [10], and this
information can be accessed on timescales of less than 1 nanosecond per bit. As dis-
cussed in previous section, beyond this density, present magnetic recording will hit the
superparamagnetic limit where the ambient thermal energy and neighboring bit mag-
netization are able to change the direction of the magnetic moment for a single bit.
This results in low standards of signal-to-noise ratio, thermal stability and ineﬃcient
writability. Many solutions have been proposed for further increase in areal record-
ing density, where two of the most promising are heat-assisted magnetic recording
(HAMR) and the use of bit patterned media (BPM) [11].
1.3.1 Heat Assisted Magnetic Recording
By using media with a high magneto-crystalline anisotropy, it is possible to achieve
better thermal stability and higher coercivity [12]. Therefore it can retain a much
higher recording density at room temperature, but on the other hand, at this tem-
perature, it also requires a much higher recording magnetic ﬁeld, which is beyond
the capability of thin-ﬁlm recording transducers like those used in currently available
HDDs. To solve this dilemma, industry is developing heat-assisted magnetic record-
ing (HAMR) which uses laser radiation to heat the recording area of the medium
to reduce its coercivity below that of the magnetic ﬁeld emitted from the recording
4
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(a) (b) (c)
Figure 1.1: Schematics of perpendicular recording hard disk drive (HDD), heat-assisted
magnetic recording (HAMR), and all-optical magnetic recording techniques. (a) In a
conventional HDD, a perpendicular recording head works above a disk medium where the
data are stored as vertical magnetized bits. The write transducer, consisting of write coils,
a write pole and a return pole, is at the vertical trailing end of the scanning head. (b) A
HAMR head recording to a disk medium with high thermal stability. A laser is used to
heat the medium locally in order to assist the recording process by temporarily lowering
its coercivity. (c) All-optical magnetic recording technique. In this, one bit of information
in a magnetic bit is stored using only laser pulse. External application of magnetic ﬁeld
is not required. This picture was adapted from Ref. [9].
head (Fig. 1.2b). The usage of the light source is most logical since it does not re-
quire any mechanical contact also due to the simplicity in fabricating a light source
with in the writing head. Taking into account the amount of energy that must be
deposited within the transit time of the write head over the bit cell, a minimum in-
cident power of 1-2mW is needed to be delivered to a spot size of about 10 nm on
the storage medium [10]. Since it is not possible to focus the laser beam down to
such small dimensions, using conventional optics several analogous approaches have
been proposed recently for data-storage applications, all based on the use of metal
nanoparticles [13–15] or metal waveguides [16, 17] as nanoscale antennas to localize
and enhance the electromagnetic ﬁeld, and also to act as a resonator to channel optical
energy into sub-wavelength nanoscale spots. This is achieved by coupling the light to
surface plasmons (free-electron excitations in the metal), which allows focusing of a
light beam below the diﬀraction limit. Surface plasmons can produce ﬁeld intensities
in the near ﬁeld that are orders of magnitude higher than in the incident light. Being
integrated next to a magnetic write head and illuminated by a continuous or pulsed
(one pulse per bit) laser, plasmonic transducers have been shown to provide suﬃcient
light concentration to locally increase the temperature of the magnetic medium by
about 300◦ C for a period of 1 ns, which is enough to allow data to be recorded on
a granular medium made of a highly coercive magnetic material [12]. Seagate had
demonstrated a landmark storage density of 10 terabits using their HAMR technique.
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However, there are lots of technical diﬃculties to overcome before such data-storage
devices will hit the stores. Important challenges include: making large chip-scale
areas of bit-patterned medium inexpensively; optimizing the eﬃciency of the trans-
ducer to reduce wasted light energy; preventing the plasmonic particle and the mag-
netic medium from degrading owing to photothermal and thermo-mechanical eﬀects
arising from the enormous amount of heat being channeled through the write head;
and ensuring fast write speeds (which will be limited by how fast the medium can be
heated and cooled) [10]. Importantly, the rate of storing information mainly limited
by the heating and cooling process of the media, which is in the order of nanoseconds.
Nevertheless, new approaches are needed to keep up with the ever-growing demand
for information storing and processing at sub-picosecond time-scales.
1.3.2 Bit Patterned Media
Another magnetic recording technique that has got attention because of its poten-
tial to extend the densities in magnetic data storage beyond those achievable by HDD
based on continuous granular media, is bit patterned media (BPM). In this technique,
the recording medium consists of lithographically patterned islands (see Fig. 1.2 for
the schematic of BPM) forming an ordered two dimensional array of magnetic nanos-
tructures. Every individual nano-structure will be used to store one bit of information,
and at remanence, each discrete island maintains a single domain state with its uni-
form magnetization aligned to a well-deﬁned uniaxial anisotropy axis usually with an
out-of-plane magnetic anisotropy. Because of this, the eﬀect of grains i.e., the inter-
action of spins with those of neighboring grains as in the case of continuous granular
media, is completely eliminated. BPM involves putting an insulating material around
the magnetic grains comprising a bit so that they are less eﬀective to state changing
inﬂuences from neighboring bits. Since the relevant volumes for thermal stability con-
siderations are signiﬁcantly increased compared to conventional recording, the onset
of superparamagnetism is correspondingly postponed to higher areal densities. The-
oretical predictions, using such a technique, show a possible areal density of up to
50Tbit/inch2 [18]. However, densities larger than 1Tbit/inch2 require hard magnetic
materials to guarantee thermal stability of the individual bits. One possible candidate
for such a hard magnetic layer is the chemically ordered FePt alloy with a magnetic
anisotropy value of up to 6× 107 ergs/cm3 (1 erg/cm3 = 10−7 J/m3). However, as a
consequence thereof, the magnetic ﬁeld required to switch the magnetization of one
individual FePt bit was estimated to be about 110 kOe, which exceeds the maximum
available write ﬁeld provided by a magnetic recording head (1.6× 106A/m) [19].
In this approach, one bit consists of two or more layers with decreasing magnetic
anisotropy value from the bottom to the top whereby the layers are fully exchange
coupled. However, lot of research is needed to ﬁnd the proper combination for the
stack of exchange coupled multi-layers in which the net magnetization can be switched
6
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at lower switching ﬁeld strengths. In addition to issues with the writing process, a
crucial limitation of the usability of BPM is the distribution of media properties, as for
example given by the size and position of the magnetic units, as well as the variation
of intrinsic magnetic properties. Pattern media arrays with deep sub-micron feature
sizes are too small to fabricate using conventional optical lithography. Instead, a range
of nanolithography expensive techniques has been used to make prototype structures,
including electron-beam, x-ray, imprint, and interference lithographies [20].
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Figure 1.2: Schematic of perpendicular recording bit patterned media system. The green
and yellow cylinders represent the patterned, individual but oppositely magnetized bits.
1.4 Ultrafast Magnetism
The ﬁeld of ultrafast magnetization dynamics is particularly interested in exploring
processes that are faster than ≈ 100 ps [4]. In case of 3d-transition ferromagnetic
metals like Fe, Ni, and Co, the magnetic properties of the 3d transition metals are
mainly determined by d-electrons. Table 1.1 lists the important interactions and
energies which determine the electronic and magnetic structure and properties of the
3d metals. In order to probe such ultrafast interactions, one would need a stimulus
shorter than the time scales that are relevant to the energies that are listed in the table.
A major breakthrough in ultrafast magnetism happened in 1996 when Beaurepaire et
7
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al. [21] were the ﬁrst to use 60 fs laser pulses, the shortest man made stimulus available
at that time, to measure both the transient transmissivity and the linear magneto-
optical kerr eﬀect (MOKE) of 22 nm Ni ﬁlms (see Fig. 1.3a). They observed that 60%
of actual magnetization was destroyed in a reversible way within 1 ps. By presenting
a phenomenological 3Temperature-model, describing the heat transfer between three
coupled baths (electrons, spins, and lattice), they estimated that within 2 ps the spin
temperature reached its maximum. In this way, the control of magnetism faster than
any other known interaction with the spin system in a ferromagnetic material was
demonstrated.
In 2005, Kimel et al. [22] showed experimentally that circularly polarized fem-
tosecond laser pulses can be used to non-thermally excite and coherently control the
spin dynamics in magnets by way of the inverse Faraday eﬀect (see Fig. 1.3b). Such a
photomagnetic interaction reveals an alternative mechanism of ultrafast coherent spin
control, and oﬀers prospects for applications of ultrafast lasers in magnetic devices.
They have demonstrated that with circularly polarized femtosecond laser pulses one
can purely optically and thus non-thermally excite and coherently control spin oscilla-
tions in the weak ferromagnet DyFeO3. Such optical pulses are shown to be equivalent
to 200 fs magnetic ﬁeld pulses up to 5T. The ﬁndings of this work has opened new
insights into the understanding of ultrafast magnetic excitations in various magnetic
materials.
Table 1.1: Interactions and energies in 3d transition metals. This table was adapted
from Ref. [23]
.
Interaction Characteristic
splitting
Energy per
atom (eV)
Magnetic eﬀect
d-orbital overlap with
neighbors
Band width 5
Coulomb and ex-
change interaction of
d-orbitals on same site
Multiplet
splitting
0-2
Magnetic exchange in-
teraction
Exchange
splitting
1 Net magnetic moment
d-orbital interaction in
point charges of neigh-
bors
Crystal ﬁeld
splitting
0.1
Spin-orbit interaction Spin-orbit
splitting
0.05 Orbital moment,
Magneto-crystalline
anisotropy
Magnetic dipole-dipole
interaction
10−5 Shape anisotropy
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Since the angular momentum is the essence of magnetism, understanding the
dissipation of spin angular momentum to other degrees of freedom is crucial. In
order to verify this Stamm et al. [24] in 2007, performed time-resolved X-ray circular
magnetic dichroism (TR-XMCD) experiments on Nickel. They observed that an
eﬃcient novel channel for angular momentum dissipation to the lattice can be opened
by femtosecond laser excitation of a ferromagnet. For the ﬁrst time, the quenching of
spin angular momentum and its transfer to the lattice with a time constant of 120± 70
fs was determined unambiguously (see Fig. 1.3c). These three experimental ﬁndings
showed that it is indeed possible to destroy, control and to study magnetization in
magnetic materials with subpicosecond temporal resolution. Hence ultrafast magnetic
phenomena are obviously feasible and can be observed in a broad class of magnetic
materials when the latter are excited by femtosecond optical-laser pulses.
1.5 All-Optical Switching and its developments
All-optical switching (AOS) applied to solid magnetic materials represents an in-
triguing idea that has emerged with the availability of ultrafast, high-intensity laser
pulses. After the ﬁrst observation of ultrafast demagnetization the possibility to in-
duce a permanent switch of the magnetization using an ultrashort laser pulse was
the next challenge. Stanciu et al. [27] in 2006 successfully demonstrated a technique
for magnetic recording in GdFeCo, known as all-optical switching (AOS) based on
femtosecond(fs)-excitation. In 2009, Vahaplar et al. [25] demonstrated experimen-
tally, the dynamics of AOS, using time-resolved single-shot pump-probe microscopy
(see Fig. 1.4a). They also showed that the reversal has a linear character, i.e., it
does not involve any precession as discussed in Sec 1.2, but occurs via a strongly
non-equilibrium state. Since the characteristic write-read time observed was 30 ps,
the AOS technique has got great potential for magnetic data recording, in terms of
speed, when compared to the conventional data storage techniques. However, the
domain size that was induced optically was 5μm at that time.
In order to understand the microscopic mechanism of AOS in the multi-sublattice
GdFeCo alloy, Radu et al. [26] (see Fig. 1.4b) performed time-resolved X-ray mag-
netic circular dichroism (TR-XMCD) measurements to investigate the magnetization
dynamics of the Fe and Gd lattices independently while inducing the AOS of net mag-
netization with a 100 fs optical laser pulse (λ=800 nm). Results clearly showed that
the two magnetic sublattices had totally diﬀerent spin dynamics even on a timescale
much longer than the characteristic time of the antiferromagnetic exchange interac-
tion between them. A ferromagnetic-like state emerged temporarily between 0.1 and
1 ps after excitation owing to the substantially diﬀerent dynamics of the transition
metal and rare earth sublattices. In particular, such a state is created due to the fact
that the transition metal reaches the state with zero net magnetization much faster
than the rare earth component. The dynamics of the Fe spins in the following time
9
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c)
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1996 2005
2007
Figure 1.3: (a) Remanent MO contrast measured for a nickel thin ﬁlm as a function of
time after exciting by a 60 fs laser pulse. The ultrafast loss of the magnetic order of the
ferromagnetic material within a picosecond after laser excitation can be seen here. This
plot was adapted from [21]. (b) Magnetic excitations in DyFeO3 probed by the magneto-
optical Faraday eﬀect. The circularly polarized pump pulses of opposite helicities excite
oscillations of opposite phase. Inset shows the geometry of the experiment. This plot
was adapted from [22]. (c) Time-resolved XMCD signal with circularly polarized x rays
incident at 60 deg. relative to the sample surface vs pump-probe time delay measured
at the L3 edge maximum. As the measured value is proportional to S+3/2L, overall
decrease in the signal excludes orbital moments from gaining any signiﬁcant value at the
cost of spins. This result was adapted from [24].
domain occur on the background of a reducing magnetization of the rare earths. As
the exchange is antiferromagnetic, such a process will promote a growth of the net Fe
10
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Figure 1.4: Top) The magnetization evolution in Gd24Fe66.5Co9.5 after the excitation
with left and right circularly polarized pulses at room temperature. The domain is initially
magnetized up (white domain) and down (black domain). The last column shows the
ﬁnal state of the domains after a few seconds. The circles show areas actually aﬀected
by the pump pulses. (b) The averaged magnetization in the switched areas (5μm) after
left and right circularly polarized laser pulses, as extracted from the images in (a) for the
initial magnetization up. This result was adapted from [25]. Bottom) Transient dynamics
of the Fe (open circles) and Gd (ﬁlled circles) magnetic moments measured within the
ﬁrst 3 ps. (b) Same as (a) but on a 12 ps timescale. The solid lines are ﬁts according to a
double exponential ﬁt function. The dashed line in both panels depicts the magnetization
of the Fe sublattice taken with the opposite sign (that is, opposite with respect to the
sign of the measured Fe data). This result was adapted from [26].
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magnetization in the direction parallel to the remaining magnetization of Gd. These
experimental results were strongly supported by theoretical work published in 2012
by Ostler et al.[29] Mentink et al. [30]. The theory not only explained the results
obtained by Radu et al. [26] in ferrimagnetic RE-TM alloys, but also predicted that
the AOS in multi-sublattice ferrimagnets can be induced by a heat pulse alone.
Although, in terms of read-write event speed, AOS is 100 times faster [26] than
present magnetic recording techniques (in HDD it is in the order of 1 ns), the technique
cannot ﬁnd applications unless or until the ultimate density of magnetic recording
is achieved. With this goal, Finazzi et al. [28] investigated AOS in TbFeCo. They
showed the creation and real-space observation of fs laser-induced magnetic structures
with well-deﬁned topological properties, called Skyrmions, and a lateral size as low
as about 150 nm (see Fig. 1.5). The ability of controlling the dimension and the
number of such domains during a single laser illumination event and the fact that
such structures are topologically protected, can have far reaching implications for the
further development of non-volatile high density magnetic recording and long-term
memories of the next generation. However, for an actual implementation of AOS,
many fundamental and technological challenges in terms of energy requirements and
optimal material compositions have to be addressed.
1.6 Scope of this thesis
Ultra small, ultrafast and low switching energy per bit are essential for the next gen-
eration magnetic data recording technology. Primarily, as discussed in the previous
sections, AOS has got the advantage that the read-write event is at least 100 times
faster than the present technology. Secondarily, the formation of nano-sized domains
by AOS has already been achieved. However, for ﬁnding applications, AOS has to
achieve higher magnetic recording densities while consuming the lowest possible en-
ergy in form of ultrashort laser pulses. In order to achieve this, we address here the
following scientiﬁc and technical questions:
1. AOS has been demonstrated in various compositions of GdFeCo and TbFeCo
alloys. However only a narrow range of concentrations of rare-earth exhibited
AOS. What is the connection between Gd-concentration and AOS?
2. What are the best approaches to achieve optimal energy consumption for writing
one bit of information using AOS? Is this energy lower than the energy consumed
by the current HDD technologies for writing a bit of information?
3. What are the roles of various reservoirs of angular momentum in multi-sublattice
GdFeCo alloy, during the process of AOS?
4. What are the alternatives in terms of recording material to achieve nano-bits
by AOS for ultimate density recording?
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Figure 1.5: (a), (b) Near-ﬁeld Faraday rotation map showing magnetic domains induced
in a thin TbFeCo ﬁlm after single laser pulse irradiation (energy density ≈ 5mJ/cm2)in
ﬁlm areas showing opposite out-of-plane magnetizations. (c), (d) Proﬁles (dots) of the
Faraday rotation measured along the lines in (a) and (b), respectively. The solid lines
in (c) and (d) are ﬁts performed with the trial function describing the Skyrmions. This
result was adapted from [28].
In Chap. 2, an introduction to magneto-optical eﬀects is presented, as well as,
the experimental techniques used for both static and dynamic studies of magnetism
in the samples are presented. In particular, Time-Resolved techniques for Magneto-
Optical measurements in the visible spectral range and Time-Resolved X-ray Magnetic
Circular Dichroism (TR-XMCD) are discussed.
This thesis is structured as follows. In Chap. 3, the magnetic and magneto-optical
properties of the materials under study are discussed, followed by the structural de-
scription of the samples. The static magnetic-optical characterization of GdFeCo
alloys with various Gd-concentration, TbFeCo alloys various structure sizes are intro-
duced.
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In Chap. 4, the eﬃciency of ultrafast laser-induced demagnetization in GdFeCo
alloys is shown. With this, we show the optimal material (GdFeCo) compositions
for AOS. Similar studies are presented in Chap.5 in which the sizes of the structures
made up of GdFeCo alloy are varied.
In Chap. 6, the results of TR-XMCD measurements are presented. The evolution
of magnetization in both the sub-lattices in GdFeCo are shown element speciﬁcally.
We also implemented the sum-rule analysis to the dynamics observed, in order to see
the orbital and spin angular momentum dynamics in a multi-sublattice alloy magnet
like GdFeCo.
In Chap. 7, systematic studies of AOS in TbFeCo alloys are presented. The
dynamics of magnetization at diﬀerent temperatures in high magnetic ﬁelds are shown.
The static imaging of domains induced in various TbFeCo alloys is also presented.
It is shown that in this material smaller and stable domains can be easily induced
all-optically.
1.7 Summary
To conclude, the results presented in this thesis answer the above mention questions.
In particular, they reveal a connection between Gd-concentration in GdFeCo-alloys
and the eﬃciency of ultrafast demagnetization as well as AOS. It is shown that the
most eﬃcient demagnetization, and thus AOS, is achieved for GdFeCo-alloys hav-
ing the net magnetization of Gd approximately equal to the magnetization of FeCo.
Another way to reduce the laser pulse energy required for full laser-induced demagne-
tization and AOS is structuring the recording medium. By optimizing the composition
of the alloy and structuring one would be able to achieve recording with energy con-
sumption of 20 fJ/bit which is low compared to present HDD technology few pJ/bit.
In this thesis we have studied the role of orbital momentum of magnetic sublattices in
AOS and revealed that at least on a time-scale larger than 1 ps, the orbital dynamics
is similar to the dynamics of the spins. Thus there is no need to consider orbital mo-
mentum as an independent variable in the process of AOS. Finally we have performed
the ﬁrst steps in studies of ultrafast dynamics of laser-induced demagnetization and
AOS in magnetically much harder and are TbFeCo alloys which are able to support
magnetic recording with sub-100 nm bit sizes.
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CHAPTER 2
Experimental Methods: Static and Time-Resolved
This chapter reviews the basic physical principles of the experimental methods and
also describes the actual realization of the experimental set-ups used in this thesis.
2.1 Introduction
The ﬁrst experimental observation of a magneto-optical eﬀect by Michael Faraday in
1845, had an enormous impact on the development of science [1]. Magneto-optical
spectroscopy is known for decades to be a powerful tool for the investigation of both
static and dynamic properties of magnetic compounds. Magneto-optics can be used in
diﬀerent conﬁgurations like transmission and reﬂection to understand various phenom-
ena in magnetic materials using the Faraday rotation, magnetic birefringence, mag-
netic circular or linear dichroism, and second harmonic generation. Magneto-optical
studies give the possibility to investigate magnetic properties like coercive ﬁeld, sat-
uration magnetization, magnetic anisotropy, magnetization compensation point and
facilitates magneto-optical imaging of magnetic domains [2]. The discovery of fem-
tosecond lasers created novel opportunities to study magnetization dynamics on time
scales pertinent to the characteristic time scales of spin-lattice, spin-orbit, and spin-
spin interactions [3]. The interaction of such a short laser pulse with magnetically
ordered materials has become a fascinating research topic in modern magnetism.
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2.2 Magneto-Optical Eﬀects
2.2.1 Dielectric Tensor Formalism
The linear optical and magneto-optical parameters of a medium are, in general, char-
acterized by the dielectric permittivity ε, that relates the electric induction in the
medium to the electric ﬁeld of light D = εˆE = (1+χˆ)E [4].
The number of independent components of the tensor εˆ is deﬁned by the properties
of the medium. First, in a non-absorbing medium the tensor εij is Hermitian and
its components satisfy εij = ε
∗
ji [4–6]. The symmetry of a medium in time and
space further restricts the number of independent components of εˆ. Thus, in the
absence of magnetic ordering and applied magnetic ﬁeld, i.e. when the medium is
time-invariant, the generalized principle of the symmetry of the kinetic coeﬃcients
(Onsager principle) [7] states that εij = εji [4].
Invariance of the crystal structure of the medium with respect to some operations
of space symmetry, such as rotations, reﬂections etc., results in the vanishing of
some components of εˆ and establishes relations between the remaining ones [8]. For
the description of propagation of light through an absorbing medium, the complex
refraction index N is also used, which is related to the dielectric permittivity via:
N = η − ıκ; ε = εˆ′ -ıεˆ′′ ; ε′ii = η2-k2, ε
′′
ii = 2ηκ. Here η and κ are refraction and
absorption indices, respectively, and the tensor εˆ is diagonalized. Here and everywhere
below ”ı” stands for the imaginary unit, while ”i”- for the index of the tensor. The
dielectric permittivity is a 2nd rank polar tensor, while N is a scalar.
2.2.2 Magnetic Circular Birefringence
An external magnetic ﬁeld or the presence of magnetic order removes the time-
inversion symmetry of the crystal and, therefore, lowers its symmetry. The principle
of the symmetry of kinetic coeﬃcients states that the dielectric permittivity in this
case satisﬁes [4] εij(M) = εji(-M), where M is a magnetization vector. In the absence
of absorption, εˆ is Hermitian (εij = ε
∗
ji). Therefore, the conditions for the real ε
′
ij
and imaginary ε
′′
ij parts of the dielectric permittivity tensor εij = ε
′
ij-ıε
′′
ij are diﬀerent
ε
′
ij(M) = ε
′
ji(M) = ε
′
ij(−M); ε
′′
ij(M) = −ε
′′
ji(M) = −ε
′′
ij(−M) (2.1)
One can introduce symmetric ε
(s)
ij = ε
(s)
ji and antisymmetric ε
(a)
ij = −ε(a)ji parts
of the tensor εij such that εij = ε
(s)
ij + iε
(a)
ij . According to Eqn. 2.1, ε
(s), ε(a) are
even and odd functions, with respect to the magnetic order parameter or external
magnetic ﬁeld.
The antisymmetric part ε
(a)
ij describes the magnetic circular birefringence, or Fara-
day eﬀect. If one considers an isotropic (or uniaxial) medium magnetized along the
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(optical) Z-axis, the dielectric tensor acquires additional elements as shown below.
Note that we ignore quadratic and higher order terms in M.
When MZ = 0
εˆ =
⎡
⎢⎣
εxx 0 0
0 εyy 0
0 0 εzz
⎤
⎥⎦ (2.2)
When MZ = 0
εˆ =
⎡
⎢⎣
εxx ıεxy 0
−ıεyx εyy 0
0 0 εzz
⎤
⎥⎦ (2.3)
If the light propagates along the Z -axis, it is reasonable to reduce the dimension-
ality of the problem and to start working in a two dimensional space with axes X and
Y. In this case the tensor of the dielectric permittivity takes a simpler form,
εˆ =
[
εxx ıεxy
−ıεyx εyy
]
(2.4)
After diagonalization of the tensor one can ﬁnd that the eigen vectors of the tensor
represent right-handed and left-handed circular polarized states D±,
D+ =
[
1
ı
]
, and (2.5)
D− =
[
1
−ı
]
(2.6)
These two polarized states feel diﬀerent permittivities and refraction coeﬃcients
in the medium. Assuming that, medium is isotropic, εxx = εyy, these two refrac-
tion coeﬃcients correspond to two permittivities ε+ = εxx − εxy and ε− = εxx + εxy.
It means that right-and left-handed circularly polarized waves will propagate in the
medium with diﬀerent speeds. This phenomenon is called magnetic circular birefrin-
gence. If one considers linearly polarized light propagating in the direction of the
Z-axis in a medium magnetized along the Z-axis, the magnetic circular birefringence
will result in a rotation of linear polarization of the light over an angle
αF = εxyωL/2c
√
εxx (2.7)
where ω is the frequency of the light wave, L is the geometrical propagation length
of light in the medium, c is the speed of the light in vacuum. This phenomenon is
called the Faraday rotation or the magneto-optical Faraday eﬀect and experimental
techniques to measure it, will be discussed in the following section.
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2.3 Magnetization Detection Schemes: Static and Dynamic
2.3.1 Magneto-Optical Faraday Rotation
From a phenomenological point of view, the Faraday eﬀect is explained by the fact
that the refractive indices, η+ and η− for the left-handed and right-handed circularly
polarized light waves become diﬀerent when the medium is placed in a magnetic ﬁeld.
Linearly polarized light with a given plane of polarization can be represented as a
superposition of the right-hand and left-hand circularly polarized waves with a ﬁxed
phase diﬀerence. As a consequence of the diﬀerence between η+ and η−, the right-
hand and left-hand circularly polarized waves propagate with diﬀerent velocities, c/η+
and c/η−. The plane polarization of the linearly polarized light therefore rotates over
the angle
θ =
ω
2c
(η+ − η−)L (2.8)
where ω is the angular frequency, c is the velocity of light in vacuum, and L is the
path length of the optical beam in the medium.
To measure such a rotation experimentally, we have employed a geometry as shown
in Fig. 2.1. In this scheme, the light from the laser source with intensity I0, being
linearly polarized along the X -axis, passes through the sample. After passing through
the sample, the polarization of the light has rotated over an angle θF . This transmitted
light with intensity I1 goes to a balanced detector which consists of a Wollaston
prism and two photodiodes. This prism splits the beam into two beams with planes
of polarization at -45 ◦ and -45 ◦ with respect to the axis of the prism, respectively.
Initially, the prism is oriented in such a way that the intensities of the two beams in
the absence of Faraday rotation in a sample are equal. Depending on the rotation
introduced by the magnetization of the sample, the two diodes experience diﬀerent
intensities that in turn are converted into electric signals. The strength of the signals
scales linearly with the intensity of each split beam. The diﬀerence signal of the two
diodes (ΔS) is given by ΔS = S+-S−.
where
S± = I0cos2(45± θF ). (2.9)
Hence
ΔS ∝ I0[cos2(45 + θF )− cos2(45− θF )] (2.10)
If θF << 1 ⇒
ΔS ≈ −2I0θF . (2.11)
To improve the signal-to-noise ratio of our measurements, the intensity was mod-
ulated with a certain oscillating frequency (Ω). For a pulsed laser, the intensity was
modulated by the repetition rate of the laser pulses (1 kHz). The lock-in-ampliﬁer can
extract the required signal from the noise by convoluting the diﬀerence signal with,
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for example, a sine function at the reference frequency (Ω). The basic idea behind
this is, when a sinusoidal function of diﬀerent frequency (Ω) is multiplied by another
sinusoidal function of frequency ( = Ω) and integrated over a time much larger than
the period of the two functions, the result is zero. In this way, any noise or unwanted
signals which have a frequency other than (Ω) will be averaged to zero which will
improve the signal-to-noise ratio [19].
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Figure 2.1: Schematic of the experimental set-up used to measure the Faraday rotation
θF .
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2.3.2 Time-Resolved Techniques for Magneto-Optical measurements in the
Visible Spectral Range.
The investigation of ultrafast spin dynamics triggered by a picosecond or subpicosec-
ond laser pulse requires methods that allow the detection of the changes in magnetiza-
tion in a medium with subpicosecond temporal resolution. Practically all the studies
of ultrafast laser-induced magnetization dynamics employ some kind of pump-and-
probe method, where the magnetization dynamics is triggered by a short laser pulse
in the optical range (pump), while detection of the laser-induced magnetic changes is
done with the help of a second pulse(probe) of electromagnetic radiation [9]. Analysis
of the properties of the probe pulse after interaction with the medium for diﬀerent
time separations between pump-and-probe pulses allows reconstruction of the ultra-
fast laser-induced magnetic changes actually taking place in the medium [10]. The
duration of the probe pulse deﬁnes the temporal resolution, while the spectrum of the
probe is crucial for the sensitivity of such measurements. Choosing the probe pulse
in the far-infrared, optical, ultraviolet, or X-ray spectral ranges, one deﬁnes the elec-
tronic transitions responsible for the interaction of the probe pulse with the medium.
As a result, all these spectroscopic methods are characterized by diﬀerent sensitivities
to spin and orbital degrees of freedom. Therefore measurements in the far-infrared,
optical, ultraviolet, or X-ray spectral ranges allow one to obtain four diﬀerent views
on the same phenomenon and thus obtain the most complete information. In this
section we will discuss the time-resolved experimental techniques and the detection
schemes. The results shown in this thesis were performed using both optics and X-
rays depending on the topic of interest of the study. All the results were obtained
in a transmission geometry. For the measurements in visible spectral range, we used
the magneto-optical Faraday rotation technique and for X-ray studies we used X-ray
magnetic circular dichroism. In the following sections we discuss these techniques in
detail.
2.3.3 Femtosecond Ampliﬁed Laser System
For the time-resolved pump-probe measurements, we employed a commercial Spectra-
Physics laser system which consists of the following elements.
1 Millenia Pro, diode pumped CW laser.
2 Tsunami, mode-locked Ti:sapphire laser.
3 Empower, intracavity-doubled, diode-pumped Nd:YLF laser.
4 Spitﬁre Pro, Ti:sapphire regenerative ampliﬁer.
5 OPA-880C, ultrafast optical parametric ampliﬁer.
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The Millenia Pro is a diode-pumped continuous wave (CW) laser with neodymium
yttrium vanadate (Nd : YVO4) as the gain medium in combination with a lithium
triborate crystal (LBO). This laser generates a laser beam at λ = 532 nm with an
output power of 5W, which serves as a pump of the Ti:sapphire crystal in the Tsunami
laser[11]. The excited Ti3+ ions ﬂuoresce in the range of 600-1000 nm. Although,
the wavelength is tunable with a prism and slits, we used a ﬁxed wavelength λ =
800±20 nm. The typical duration is 50 fs with a repetition rate of 80MHz and an
average energy of roughly 1 nJ/pulse. The SpiFire Pro is used to amplify the pulses
from the Tsunami by orders of magnitude [12]. The SpitFire Pro is pumped by a 10W
Empower laser at a repetition rate of 1 kHz with a pulse duration of typically 100 ns.
A rod of neodymium-doped lithium yttrium ﬂuoride (Nd:YLF) emits at 1053 nm and
is frequency doubled with a LBO crystal to 527 nm, which is strongly absorbed by
the Ti:sapphire crystal in the spitFire Pro. This brings the SpitFire Pro system
into population inversion while a single pulse from the Tsunami is selected using two
pockels cells and sent through the excited crystal to get it ampliﬁed by stimulated
emission. A total of twenty round trips result in an ampliﬁed pulse from initially
5 nJ/pulse to typically 2mJ/pulse. Finally, an Optical parametric ampliﬁer (OPA) is
used for the tunability of the wavelengths based on Optical Parametric Generation
(OPG). This principle is quite simple: in a suitable nonlinear crystal, a high frequency
and high intensity beam (the pump, at frequency ωp) ampliﬁes a lower frequency,
lower intensity beam (the signal beam, at frequency ωs); in addition a third beam
(the idler, at frequency ωi, with ωi<ωs<ωp) is generated [13]. In the interaction,
both energy and momentum conservations are satisﬁed. With this technique, the
output wavelength of the laser can be varied from 800 nm to 0.3-3μm.
2.3.4 Femtosecond Spectroscopy
In order to study the laser-induced magnetization dynamics, a time-resolved stro-
boscopic magneto-optical pump-probe technique was employed. Depending on the
magnetic anisotropy of the sample, two diﬀerent conﬁgurations of the experimental
setup were used. For the study of samples with out-of-plane magnetic anisotropy, the
probe beam was set at normal incidence. Such a conﬁguration was chosen in order to
maximize the magneto-optical signal from the medium. For the study of the samples
with in-plane magnetic anisotropy, the angle of incidence of the probe beam was set to
about 60 ◦ in order to increase the k ·MZ product. As shown in Fig. 2.2a, an external
magnetic ﬁeld H generated by an electromagnet, was applied at an angle of 60 ◦ to
the sample plane for out-of-plane anisotropy samples, while for in-plane anisotropy
samples, H was at an angle of 20 ◦. The angle of incidence for the pump beam was
60 ◦ in both cases.
The corresponding experimental setup is shown in Fig. 2.2b. A Ti:Sapphire laser
system in combination with an ampliﬁer was used to generate 100 fs laser pulses
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Figure 2.2: (a) Geometry of the experiments for samples with out-of-plane anisotropy
(left) and for samples with in-plane anisotropy (right). (b) Sketch of the time-resolved
pump-probe experimental setup. After every pump pulse, the delayed probe pulse moni-
tors the pump-induced changes in the magnetization of the sample. A balanced detection
scheme, consisting of a Wollaston prism and two photodiodes, senses the probe polariza-
tion.
with a central photon energy of 1.54 eV and a repetition rate of 1 kHz. Linearly
polarized pump and probe beams were focused on the samples into spots of around
200 and 100μm in diameter, respectively. The intensity of the pump beam was at
least 100 times larger than that of the probe. The delay between the two pulses was
controlled by a retro-reﬂector on a motorized translation stage in the pump beam path.
After being transmitted through the sample the probe radiation was collected with
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a balanced detectors scheme (see Fig. 2.2b). In the measurements we used an extra
modulation of the probe beam with a chopper operating at 500Hz and synchronized
with the 1 kHz pulse sequence from the laser ampliﬁer. The difference signal from the
photodiodes was ﬁrst sent to a boxcar integrator triggered by a 1 kHz-signal from the
laser. The output of the boxcar integrator was further analyzed by a lock-in ampliﬁer
which used the 500Hz-signal from the chopper as a reference and then recalculated
into the rotation of the probe polarization plane θ. Such a conﬁguration allowed
us to detect the polarization rotation θ while avoiding the effects of scattered light
from the pump beam. Measuring the signal from the lock-in ampliﬁer as a function
of position of the delay line, we were able to record the temporal behavior of the
magneto-optical signal in a laser excited sample. The pump-probe measurements
have been performed for samples with magnetization saturated and oriented in the
direction of the easy-axis of the magnetic anisotropy. For this we applied a magnetic
ﬁeld slightly above the coercive ﬁeld HC of the corresponding sample. In order to
reduce the inﬂuence of possible artifacts irrelevant to the dynamics of the Faraday
rotation, we conducted the measurements of the rotation θ for two opposite directions
of applied magnetic ﬁelds and took the difference between the measured signals to
obtain θF = (θ(+H)− θ(-H))/2.
With an optical cold-ﬁnger helium ﬂow cryostat, the sample temperature was
varied in the range from 10K to 350K. Note that due to the 1 kHz high-power laser
excitation and a non-ideal heat transfer from the laser-excited spot, the temperature
of the sample was higher than the temperature of the sample-holder in the cryostat.
This temperature increase was calibrated by comparing absolute values of the static
Faraday rotation when the pump beam was present and blocked. Typically, the
laser-induced increase of the average sample temperature was below 60K. This offset
heating has been taken into account in all the measurements shown in the following
sections.
2.4 Confocal Microscope in combination with pump-probe tech-
niques
To address the magnetization dynamics in a single structure down to 1×1μm2, we
modiﬁed a commercial confocal microscope (a-SNOM, WiTec GmbH, Germany) to
obtain femtosecond temporal and submicrometer spatial resolution [14]. This setup
gives the possibility to work in ambient conditions with a table-top setup. Moreover, it
oﬀers several advantages in terms of simplicity and temporal resolution compared with
other techniques showed in the previous section. We employ an ampliﬁed Ti:sapphire
system (repetition rate 250 kHz, output power of 1.5 W, emission wavelength 800 nm,
and pulse duration of 60 fs). Figure 2.3 illustrates the schematic of the set-up. We
split the laser beam into two parts with a 90%-10% beam splitter to set up a collinear
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pump-probe scheme. The pump beam is doubled in frequency with a nonlinear crystal.
Both beams, after being delayed with respect to each other, are linearly polarized and
enter into the confocal microscope. Light is focused on the sample by an Olympus 40X
(NA = 0.55) microscope objective. Due to chromatic aberrations, the focal planes
diﬀer for pump (400 nm) and probe (800 nm). We place the sample in the probe focal
plane, where we have a diﬀraction-limited probe spot of 800 nm while the larger pump
spot size has a 5μm full width at half maximum (FWHM). The dimensions of the
beams have been carefully evaluated using the Liu method [22]. After the sample, the
beams are collected by a Nikon objective (100X, NA = 0.8), pass the analyzer, and
are focused onto the detector. We exclude contributions from the pump beam with
a long-pass ﬁlter (RG695). The temporal resolution has been measured to be 300 fs
with an autocorrelation technique after both objectives. We thus estimate the pulse
duration in the sample plane to be lower than 200 fs.
2.5 Time-Resolved X-ray Magnetic Circular Dichroism
The all-optical experimental techniques are already well established to probe the
magnetization of metals both statically and dynamically with sub-picosecond time
resolution. As discussed in previous sections the wavelength of ultrashort laser pulses
generated in our lab, are varied in the 0.4-3μm region. With these, all-optical studies
are mainly sensitive to optical transitions in metals within the valence band, which
are quite broad. In a multi-magnetic sample, the probe signal can not be obtained
purely from the actual magnetic element that one is interested in. However, pure
element-speciﬁcity is important in probing the magnetization of an individual element
in a multicomponent-magnetic samples. X-ray methods oﬀer some unique advantages
despite demanding requirements for the generation of short X-ray pulses and their
use in pump-probe experiments utilizing core level spectroscopy [15]. X-ray magnetic
circular dichroism (XMCD) allows access to the spin and orbital angular momentum
element speciﬁcally via sum rule analysis [16]. We used the X-ray beam line available
at BESSY II,Berlin-Adlershof, Germany. According to the time resolution of the
electron wave packets in the storage ring, where the electrons are accelerated to
relativistic velocity, diﬀerent modes can be used for the experiments. In the multi
bunch mode, which is the normal operational mode, the duration of the X-ray pulses
is 50 ps while in the low-α mode, it can be improved to 10 ps. However, to probe
the magnetization dynamics at the sub-picosecond time scales, the pulse duration of
the X-ray should be reduced down to femtoseconds. In the following section, the
generation of femtosecond X-ray pulses is discussed.
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Figure 2.3: Illustration of the time-resolved confocal microscope in combination with
time-resolved pump-probe experimental setup.
2.5.1 Femtoslicing at BESSY II
The idea behind Femtoslicing was ﬁrst proposed by Zholents and Zolotorev [17]
in 1996, and was experimentally demonstrated at the ALS in Berkeley, USA, using
a bend magnet as a radiator [18]. The process of Femtoslicing involves with the
generation of sub-picoseconds X-ray pulses from a storage ring source by using the
interaction between femtosecond laser pulses co-propagating with an electron bunch
circulating in the storage ring [20]. The modulation of the energy of the electrons
in bunches caused by the interaction with strong electric ﬁeld associated with the
ultrashort laser pulses, mainly determines the slicing. The process is described as
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Figure 2.4: Schematic of the femtoslicing process is shown. The energy modulation of a
small part of the ps-electron bunch by the fs-laser during their overlap in the modulator,
followed by the spatial separation of the energy modulated electrons from the main bunch
and subsequent radiation of fs X-rays in the radiator are seen in the ﬁgure.
The electric ﬁeld generated by the laser pulse modulates the energy of part of the
electrons in the bunch, deﬁning a fs slice of them. Figure 2.4 shows the illustration of
femtoslicing at BESSY. This whole process takes place in a section of the storage ring
formed by a U139 planar undulator, the modulator, followed by a dipole magnet and
the UE56/1 elliptical undulator, the radiator (see Fig. 2.4). In addition to spatial
and temporal overlap of the laser spot with the electron beam, a resonance condition
needs to be fulﬁlled for energy modulation to occur [21]:
λL = (λU/2γ
2)× (1 +K2/2) (2.12)
where λL is the laser wavelength, λU the modulator period length, γ the electron
Lorentz factor and K the undulator deﬂection parameter. The sliced electrons take
a diﬀerent path though the subsequent dipole magnet than the main electron bunch,
due to the diﬀerence in energies. Then, when traveling through the radiator, generate
short X-ray pulses, which are spatially separated from the long, much more intense
pulses coming from the main bunch. The resulting X-ray pulses are tunable in energy
between 400 eV and 1400 eV and their polarization can be varied between linear and
circular. In Femtoslicing mode, a circular polarization degree of 70% is achieved,
due to the necessity of an eﬃcient separation of the fs X-rays from the full ps X-ray
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pulse. The photon ﬂux emitted from the radiator is on the order of 106 to 107 photons
per second per 0.1% band-width; the number of photons available at the experiment
depends on the beamline and monochromator. The X-ray pulse length is given mainly
by the laser pulse length and the electron path length diﬀerences between modulator
and radiator, resulting in 100 fs at FWHM in total [21]. The polarization state of
the X-ray pulses depend on the position between the magnetic array in each pair.
The undulator forces the electron beam to follow a helical path to emit elliptically
polarized radiation with emission in ﬁrst, second, and third harmonics in the energy
range of 90-1800 eV.
2.5.2 Time resolved XMCD-measurements
For the study of ultrafast element speciﬁc spin dynamics, the fundamental wavelength
of 780 nm was used for exciting the sample. Two ampliﬁed Ti:sapphire laser systems
(one for slicing and one for pumping) that are seeded by the same oscillator, were
used. Slicing signal comes with 6KHz and we used the pumping laser at 3KHz. The
pump beam is an output from an ampliﬁed Ti:sapphire laser system operating at
790 nm wavelength and 60 fs pulse duration with 3 kHz repetition rate. Consequently,
in Femtoslicing mode the repetition rate of the pump laser has to be half of the X-
ray repetition rate of 6 kHz. In order to be particularly sensitive to pump-induced
changes of the magnetic signal, using a boxcar detection scheme we measured the
pump induced changes in magnetic circular dichroism. Since the modulation is created
by a femtosecond optical pulse, there is an absolute synchronization between the X-
ray pulses and the (optical)pump pulses which trigger the dynamic process. Typical
pump laser spot sizes are on the order of 800μm diameter (FWHM), large enough
to cover the X-ray probe spot, i.e. the focus size. For the actual measurement,
switching the X-ray helicity from left to right circular polarization at a ﬁxed external
magnetic ﬁeld is equivalent to switching the magnetic ﬁeld direction from parallel to
antiparallel alignment with the X-ray propagation direction at ﬁxed X-ray helicity
[21]. The latter case is easier to realize at the femtoslicing source since switching the
typically used moderate magnetic ﬁelds of maximum 0.55T is done much faster than
switching the X-ray helicity. The XMCD signal is sensitive to the projection of the
samples magnetization in the X-ray propagation direction. The maximum dichroic
eﬀect is thus found for a parallel alignment of the external magnetic ﬁeld direction
with the samples magnetization vector.
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CHAPTER 3
Rare Earth-Transition Metal alloys
RE-TM alloys such as GdFeCo and TbFeCo are widely used as storage media in
magneto-optical recording techniques. As discussed in Chap.1, recently they have also
shown to be the suitable recording media in all-optical switching technique. In this
chapter we will review the static magnetic and magneto-optical properties followed
by some experimental results obtained using the techniques discussed in Chap. 2. We
will mainly discuss the temperature dependence of several magnetic properties like
coercivity, saturation magnetization, magnetization compensation temperature. The
main objective of this chapter is to show how dramatically the magnetic properties
vary when the compositions of the rare-earth and transition metals are slightly varied.
3.1 Introduction
In the history of magnetism and still today the magnetic properties of the transition
metals Fe, Co, and Ni and their alloys have constituted the core of the whole ﬁeld
of magnetism. The reason is that for these metals the electronic structure is just
right to give sizeable magnetic moments at room temperature. While the rare earths
have also been important in magnetism, especially when alloyed with the transition
metals, the pure metals are all paramagnetic at room temperature. Therefore the
scientiﬁc understanding and technological applications of the 3d-transition metals
have dominated the ﬁeld [1]. The incessant demand for higher and higher recording
densities in magnetic hard drives requires continuous eﬀorts for further magnetic bit
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miniaturization. Several eﬃcient techniques have already been developed for recording
and retrieving nano-size magnetic bits, but the rate of writing and reading single data
is still limited to several nanoseconds [2]. Recent discovery of all-optical switching
(AOS), also called as all-optical magnetization reversal, observed in thin ﬁlm RE-TM
alloys promises novel opportunities for the faster working speed together with energy
eﬃcient data storage [3].
3.2 Localized and Itinerant magnetism in ferromagnets1
Of all the metallic elements, ferromagnetism at room temperature occurs only in
three of the 3d transition metals (Fe,Co,and Ni). Heavy rare-earth metals such as
Gd, Tb, and Dy can also become ferromagnetic but only below room temperature.
These 3d transition metals have high Curie points and exhibit ferromagnetism with
large spontaneous magnetizations at room temperature, so that alloys containing
these metals are used as magnetic materials in a wide range of practical applications.
According to the central ﬁeld approximation, the inner atomic electrons are bound
by the charge and form an electrostatic potential in which the outer electrons move.
Figure 3.1 (a) shows the charge density and eﬀective potential for 3d transition metal
atom as a function of distance from the atomic core. It is clearly seen that the 3d
wave function is trapped in the potential well formed by the coulomb and centrifugal
contributions to the eﬀective potential. The maximum charge densities of the 4s
and 4p electrons are seen to be located further from the atomic center with the 4p
electrons residing slightly closer to the nucleus than the 4s electrons. The shown
atomic charge density supports the notion that the 3d valence electrons are more
”localized” than the other 4s and 4p electrons, which therefore can assume more
”itinerant” character. In the case of rare earths, the localization is seen clearly in the
plot of the radial charge density shown in Fig. 3.1 (b) for the Gd+1 ion which has
the outer electron conﬁguration 4f75s25p66s2. The 4f shell is localized in the atom
and is shielded on the outside by the eight 5s2 − 5p6 and the 6s2 valence electrons.
The more the valence electrons in atoms are localized the more their atomic prop-
erties are conserved in the solid state. As a consequence the magnetic moments in
the rare earths are strongly localized in the 4f shell, the magnetic properties of the
3d -transition metals are predominantly localized in the 3d shell with smaller (of or-
der 10%) contributions from the s and p electrons. Yet stronger localization causes
lower magnetic ordering temperatures because there is decreased exchange with the
neighbors. For this reason all rare earths (lanthanides) are paramagnetic at room
temperature with ferromagnetic Gd having a Curie point (TC= 289K) close to room
temperature. For the 3d metals, the balance is just right for Fe, Co, and Ni. For the
ferromagnetic transition metals Fe, Co, and Ni the localization of the 3d -electrons is
1Part of this section was adapted from Ref. [1]
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a)
b)
Figure 3.1: (a) Charge density and eﬀective potential for a 3d transition metal atom as
a function of distance from the atomic core. (b) Radial charge density for Gd+1 ion is
shown. This picture was adapted from [1].
high enough to generate a sizable magnetic moment yet low enough to provide overlap
with the neighbors. This balance leads to sizeable Curie temperatures.
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3.3 Magnetic properties of RE-TM alloys
The magnetic properties of RE-TM alloys such as coercive ﬁeld, magnetic anisotropy,
and magnetization compensation point (incase of a ferrimagnet) strongly vary de-
pending on the RE component, its concentration, and how the magnetizations of
each sublattice are coupled together [4, 7]. As discussed in the previous section, the
magnetic moment of an RE atom is nearly completely built up by the localized f-
electrons. Depending on these electrons, the magnetic moment of the RE component
can couple ferromagnetically or antiferromagnetically with the TM. In general, the
RE-elements are categorized into two groups, light-RE or heavy-RE, based on their
ground state electronic conﬁgurations (either with half ﬁlled or more than half ﬁlled
f-electrons). Although the spins of RE and TM couple antiferromagnetically, the
magnetic properties of the alloys with light RE-atoms (Sc, Y, La, Ce, Pr, Nd, Pm,
Sm, and Eu) are diﬀerent from those with heavy ones (Gd, Tb, Dy, Ho, Er, Tm, Yb,
and Lu). This originates from Hund’s rule. This rule states that for less than half
ﬁlled shells the orbital moment and spin moment couple antiparallel (J = L-S) while
they couple parallel (J = L+S) in the second half of the series. The orbital moment is
always greater than the spin moment for the light RE elements. Because the 4f spin
moment couples antiparallel to the TM moment (mediated through positive intra-
atomic 4f-5d and negative inter-atomic 5d-3d exchange) the total moment of the RE
couples parallel to the TM moment for the light REs and antiparallel for the heavy
REs. The materials studied in this chapter are Gd-FeCo, Tb-FeCo alloys which are
ferrimagnetic. It will be shown that the ferrimagnetic structure is one of the essential
requirements for obtaining AOS.
3.4 Temperature dependence of magnetization in RE-TM alloys
Amorphous GdFeCo and TbFeCo alloys are ferrimagnets in which the spins of Fe(Co)
sublattices are antiferomagnetically coupled to the Gd(or Tb) sublattice in a collinear
alignment. The exchange couplings within the sublattices are ferromagnetic. These
ferrimagnetic alloys tend to exhibit magnetic compensation behavior characterized by
a vanishing magnetization below the Curie temperature. The TM-TM ferromagnetic
interaction aligns the magnetic moments among Fe and Co ions, which are coupled
antiferromagnetically with the magnetic moments of Gd (or Tb). As a result, the net
moment is the diﬀerence between the magnetic moments of Gd and FeCo. Figure 3.2
shows the schematic illustration of the temperature dependencies of the magnetiza-
tions in GdFeCo. As the sublattices of a ferrimagnet are strongly coupled to each
other, they all have the same Curie temperature TC which means that the phase
transition between the ferrimagnetic and paramagnetic state occurs at the same tem-
perature for both sublattices. However, due to the diﬀerent intra sub-lattice exchange
in the two sublattices, there is a diﬀerence in the temperature dependence of the RE
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and TM component, MRE and MTM . At low temperatures the magnetization of
the RE magnetic sublattice is larger than that of the TM sublattice. In the RE, the
localization of the 4f moments causes MRE to decrease faster than MTM with increas-
ing temperature, because there is a reduced exchange with the neighbors for the RE
sublattice. At a certain temperature, called magnetization compensation point (TM ),
both the atomic sub-lattices have magnetization but opposite in direction, hence the
net magnetization goes to zero. At this temperature the strength of the magnetic
ﬁeld required to switch the magnetization (coercive ﬁeld - HC) shows a divergence
(see Fig. 3.2). The reason for this divergence is that in RE-TM, the intrinsic magnetic
anisotropy KU is only weakly dependent on temperature, while the net magnetic mo-
ment MS is strongly reduced. Since the strength of the coercive ﬁeld is proportional
to 2KU/MS , it diverges at TM .
Figure 3.2: Illustration of the temperature dependencies of the MRE (top), MTM (bot-
tom), and MS = MRE − MTM . The temperature at which the sublattices completely
cancel out each others magnetization is deﬁned as the magnetization compensation tem-
perature TM . The thin solid line represents the coercive ﬁeld HC , which diverges near
TM . This ﬁgure was adapted from [8].
The presence of TM in RE-TM alloys oﬀers several advantages for the fundamen-
tal studies of AOS. Since one of the two magnetizations of the atomic sub-lattices
dominates depending on whether the sample temperature is below or above TM , one
can choose selectively the regions of interest for investigating the laser control of
magnetism. For example, in this thesis it will be demonstrated that the ultrafast
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demagnetization and AOS are the most eﬃcient below TM .
3.5 Magneto-Optical properties of RE-TM alloys
The magneto-optical responses have diﬀerent spectral dependencies in the near-infrared
and visible spectral ranges. The magnetic electrons of transition metals such as Fe
and Co are located in the 3d electronic shell which forms the outer layer of the ion
since the 4s electrons become a part of the conduction electron sea. Transition metals
are characterized by relatively large magneto-optical eﬀects in the infrared regime.
On the other hand, the 4f electrons that are the main suppliers for the magnetism in
the RE are deeply buried under the 5s, 5p and 5d shells. This is why photons in the
visible spectral range with a relatively low energy are not able to probe the 4f elec-
trons. Therefore, the interaction of the low energy photons with only the outermost
electrons is the reason why the visible or near-infrared photons carry information
mainly about the TM sublattice, whereas for the RE elements a large Kerr rotation
is expected at energies allowing transitions from the 4f shell to the conduction band
(energy for 4f states in Gd is -7.4 eV and for Tb is -2.4 eV). This shows that probing
of magnetism in RE-TM alloys in the visible spectral range is possible [9], whereas
one needs X-rays for Gd. By choosing the wavelengths below or above 610 nm it is
possible to probe Tb and Fe magnetizations independently. In order to study Gd se-
lectively, one should use the X-rays. In general, photons in the soft-X-ray and extreme
ultra-violet (EUV) regimes are used for element speciﬁc studies, probing transitions of
strongly localized electrons whose exchange split energy levels serve as the ﬁngerprint
of the element and one can give information about both the spin and orbital angular
momenta contributions to the magnetic moment.
Glass-Substrate 
AlTi (10 nm)-Heat Sink
SiN (5 nm)-Buﬀer Layer
SiN (60 nm)-Capping Layer 
Gd
x
Fe
100-x-y
Co
y
 (20 nm)-Ferrimagnec
Figure 3.3: (a) Illustration of the sample structure for the experiments with visible range
of light. In case of measurements with X-rays the sample structures remains the same but
the heat sink and substrate are replaced by Al-foil (500 nm), and Al-frame, respectively.
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3.6 Static Characterization of Amorphous RE-TM thin ﬁlms
3.6.1 GdFeCo
RE-TM alloys are the only magnetic materials which may exhibit, all at once, a
high perpendicular uniaxial anisotropy in an amorphous and ferrimagnetic structure
[10]. The structural disorder in amorphous RE-TM alloys lead to a strong locally
varying anisotropy due to the large spin-orbit coupling of the rare earths (except for
Gd, it is negligible single-ion anisotropy). The samples studied are thin multilayer
ﬁlms of AlTi(10 nm)/SiN(5 nm)/GdxFe100−x−yCoy(20 nm)/SiN(60 nm), grown by
magnetron sputtering on glass substrates. The structure of the sample is illustrated
in Fig. 3.3. As shown, the AlTi layer serves as a heat sink, and the bottom SiN
layer, which is 5 nm thick, works as a buﬀer layer while the top one, which is 60 nm
thick, works as a capping layer and antireﬂection coating. The magnetic properties
of GdFeCo, such as coercive ﬁeld (HC), saturation magnetization (MS), magnetic
anisotropy, and magnetization compensation temperature (TM ), and also structural
properties like crystallinity or amorphousness, all depend on Gd concentration x (in
percent). The latter plays a crucial role in the magnetization reversal (will be shown
in discussion of results in Gd24FeCo) [14].
Depending on the composition, amorphous GdxFe100−x−yCoy ﬁlms generally pos-
sess a uniaxial anisotropy with an anisotropy axis either perpendicular or parallel to
the ﬁlm plane [4, 5]. In this section, we will discuss the static magnetic properties of
various GdxFe100−x−yCoy thin ﬁlms. In order to achieve the optical material condi-
tions for all-optical magnetization reversal in RE-TM alloys, we chose three diﬀerent
approaches; 1) varying compositions of GdxFe100−x−yCoy thin ﬁlms, 2) varying struc-
ture sizes of GdxFe100−x−yCoy thin ﬁlms, and 3) substituting Gd by Tb and varying
compositions of TbxFe100−x−yCoy. Since the magneto-optical susceptibility in the
spectral range of the probe pulse (800 nm) is deﬁned by the Fe sublattice, all the
measurements discussed in this chapter are due to the response from the magnetiza-
tion of Fe-sublattice only. In the following sections, we will discuss the static magnetic
properties of samples studied in this thesis. Since the percentage of Co in these sam-
ples does not vary signiﬁcantly, in the following we omit the subscripts indicating the
concentrations of Fe and Co. In case of GdFeCo thin ﬁlms the samples are referred
to as Gd18FeCo, Gd22FeCo, Gd24FeCo, and Gd30FeCo, respectively.
3.6.2 Gd18FeCo
As discussed in the previous sections, the magnetizations of the RE and TM sub
lattices originate from the contribution of localized 4f (partially from 5d6sp) shell
electrons and itinerant 3d shell electrons, respectively. The diﬀerent temperature de-
pendencies of the magnetizations of the sub lattices result in the fact that the material
acquires a magnetization compensation temperature (TM ), where the magnetizations
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Figure 3.4: Hysteresis cycles measured in Gd18FeCo at various temperatures.
of the sub-lattices cancel out. Figure 3.4 shows the temperature dependence of hys-
teresis loops measured at various temperatures ranging from 10K < T < 350K.
In Gd18FeCo, it is clearly seen that HC increases with lowering temperature but it
did not show any divergence. Figure 3.8b shows the corresponding temperature de-
pendence of the total Faraday rotation (θF ) extracted from the measured hysteresis
loops. It can also be concluded that the sample has shown strong in-plane anisotropy.
In order to extract the Curie temperature, we ﬁtted the MS-T curve with the T
3/2
power-law. The extracted Curie temperatures is approximately 550K.
3.6.3 Gd22FeCo
Increasing the Gadolinium concentration from 18% to 22% causes the anisotropy to
move from in-plane to out-of-plane. Because, at higher compositions the net mag-
netization becomes dominant and hence the demagnetizing ﬁeld tries to pull the
magnetization in to the plane of the ﬁlm. Figure 3.5 shows the hysteresis loops mea-
sured at various temperatures on Gd22FeCo. The room temperature HC is smaller
42
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(0.4 kG) than that of Gd24FeCo (3 kG) and larger than that of Gd18FeCo (0.1 kG).
The reversal of the shape of the hysteresis at 30K indicates the presence of a magne-
tization compensation temperature TM , which we estimate to be around 50K. In the
vicinity of TM , in general, the coercivity is large. It makes performing time-resolved
pump-probe measurements at these temperatures with the table top electro magnets
diﬃcult.
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Figure 3.5: Hysteresis cycles measured in Gd22FeCo at various temperatures. Note the
reversal of the shape of the hysteresis loops around 50K, indicating the presence of a
magnetization compensation temperature.
3.6.4 Gd24FeCo
It is known that Gd24FeCo is one of the samples showing eﬃcient ultrafast AOS
via fully demagnetized state [11]. Due to a strong Faraday rotation (∼1 deg.) in the
vicinity of room temperature and out-of-plane anisotropy, Gd24FeCo is one of the best
candidates for magneto-optic and opto-magnetic devices. Hence such a signiﬁcant
material is of immense interest to study. Starting from the hysteresis loops (see
Fig. 3.6), we measured the basic magnetic properties of Gd24FeCo by the Faraday
43
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Figure 3.6: Hysteresis cycles measured in Gd24FeCo at various temperatures. Note the
reversal of the shape of the hysteresis loops around 270 K, indicating the presence of a
magnetization compensation temperature.
rotation technique (as discussed in Chap.2) such as HC , MS , and TM . Figure 3.8a
shows the temperature dependence of HC . It is clear that HC increases with increase
of temperature and diverges around 270K.
3.6.5 Gd30FeCo
Further increase in Gd-concentration from 24% to 30% resulted again in a diﬀerent
magnetic behavior of the sample compared to Gd22FeCo and Gd24FeCo, but similar to
that of Gd18FeCo. Gd30FeCo has shown strong a in-plane anisotropy with very small
coercivity of about 100Gauss. The coercivity hardly changes as the temperature of
the sample is swept from 10K to 350K. Figure 3.7 shows the hysteresis loops measured
at various temperatures. It is interesting to note that almost all the hysteresis loops
look alike. The dependence of the saturation magnetization on T indicates that the
magnetization of the Gd sublattice exceeded the magnetization of the FeCo sublattice
44
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Figure 3.7: Hysteresis cycles measured in Gd30FeCo at various temperatures.
in the whole temperature range. It is known from literature that all the studied
samples share roughly the same Curie temperature (TC), which is 550K.
3.6.6 GdFeCo Micro-Structures
Patterning is one of the approaches to shrink the size of magnetic domain. There-
fore, we patterned one of the continuous ﬁlms into small structures. Our sample
consists of a series of patterned squared areas with diﬀerent dimensions as shown
in Fig. 3.9. One can see several diﬀerent squared areas ranging from 50 × 50μm2,
15×15μm2,2×2μm2, 1×1μm2 down to 500×500 nm2. The sample is fabricated via
lift-oﬀ techniques using a ﬁlm of Gd26Fe64.5Co9.5, as reported in Ref. [12]. The struc-
ture and thickness (number between parentheses in nm) of the layers is as follows:
glass/Ti(2)/Pt(8)/SiN(5)/Gd26Fe64.5Co9.5(20)/SiN(20).
These structures were characterized using the magneto-optical set-up described
in Chap.2. Since the diameter of the focused laser probe beam is smaller than the
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Figure 3.8: (a) The coercive ﬁeld HC vs temperature T for three diﬀerent Gd- concentra-
tions (x = 18, 22 and 24%). The divergence in the coercivity indicates the magnetization
compensation points. Note that Gd18FeCo does not have a compensation point within
the measured temperature range. In case of Gd30FeCo (not shown), the HC is below
100G and is independent of sample temperature. (b) The Faraday rotation θF vs tem-
perature T curves for four diﬀerent Gd- concentrations (x = 18, 22, 24, and 30%). Note
that the Faraday rotation decreases with an increase of temperature in all the samples.
structure size, it allows for a direct comparison of the static magnetic properties of
the individual structures. All the samples showed out-of-plane anisotropy, a high
Faraday rotation (about 0.6 ◦ at 800 nm), and a coercive ﬁeld of about HC = 400G
(see Fig. 3.10). It is important that the structures with diﬀerent lateral sizes present
similar magnetic properties (see Fig. 3.10) so that we can directly compare their
magneto-optical properties.
3.6.7 TbFeCo
From an application point of view, it is important to enhance the recording data
density for future data storage applications. As discussed in the previous section,
one way to achieve it is structuring the sample. The factor which characterizes the
stability of the magnetization of small particles is given by N=KUV/kT, where KU
is the uniaxial magnetic anisotropy constant and V is the volume of the particle. So
the two main parameters that can be varied in order to form a smaller and stable
domain are the volume (V) and magnetic anisotropy (KU ) of the sample. When the
size of magnetic particles becomes extremely small and, as a result, their magnetic
anisotropy energy, proportional to their volume, becomes comparable to the thermal
energy, the magnetic ordering of the spin system is not stable any more. Therefore,
in order to achieve not only ultrafast, but also the dense magnetic recording one has
46
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20 μm
Figure 3.9: Studied sample area imaged with the confocal microscope. The dark patterns
are the magnetic structures of various sizes ranging from 50× 50μm2 to 1μm2.
to study AOS in materials with a strong magnetic anisotropy. The magnitude of
the perpendicular magnetic anisotropy in in GdCo and GdFe ﬁlms is of the order
of 105erg/cm3 while it is 106erg/cm3 [2] or larger for other RE-TM alloys such as
TbFe and DyCo. This shows that RE atoms with a 4f shell of non-S state enhances
the anisotropy [13]. For TbFeCo, if we assume KU = 10
6erg/cm3, and T = 300K,
KUV/kT = 100 for a cylinder of 10 nm height and 20 nm in diameter. This is enough
to attain recording densities of higher than 1Tb/inch2 for future magnetic recording
systems. To investigate the AOS in samples with high KU , we chose ﬁve diﬀerent
compositions of TbFeCo thin ﬁlms, and their static magneto-optical characterization
is discussed below.
3.6.8 Estimation of pure Faraday rotation from the hysteresis measured in
8Tesla-cryostat
Figure 3.11a shows the typical hysteresis loop of a TbxFe100−x−yCoy thin ﬁlm mea-
sured in Tb19FeCo at room temperature. As one can see, the shape of the measured
hysteresis has a tilt compared to the usual hysteresis that is measured applying mag-
47
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Figure 3.10: Hysteresis cycles for structures with diﬀerent lateral sizes, showing that the
magnetic properties of each studied area do not signiﬁcantly diﬀer from each other.
netic ﬁeld along the easy-axis. Since we know that our samples have out-of-plane
anisotropy, this tilt of the hysteresis is caused due to the fact that during the mea-
surement the probe beam has to travel through the windows of the 8Tesla-cryostat.
The paramagnetic contribution from the windows leads to a large rotation of the
plane of polarization of the probe light. For the estimation of total Faraday rotation,
one has to remove this unwanted additional contribution from the windows.
During the experiment the rotation of the polarization of light (θ), after transmit-
ted through the sample, was measured while an external magnetic ﬁeld was swept from
Hmin to Hmax, and vice-versa so that we obtain θforward = θF + θW and θbackward
= −θF + θW , respectively. For −HC < H < +HC, θF changes sign but not the θW
(from windows). Hence the summation of the θforward and θbackward, gives the two
times of θW . The ﬁt to this data looks like a straight line shown in the middle of the
hysteresis in Fig. 3.11a. By removing the θW from the actual data measured, one
can obtain pure θF caused by the magnetization of the sample. Thus obtained pure
magnetic hysteresis in Tb19FeCo is plotted and shown in 3.11b, with the total θF of
1.1 deg..
Using the same magneto-optical Faraday rotation technique, we measured the
hysteresis loops at various temperatures within the range 10K < T < 300K. As ex-
pected, the measurements revealed a huge coercivity in all the compositions. Figure
3.11c shows the temperature dependence of the coercivity extracted from the hys-
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Figure 3.11: (a) Static rotation of the linear polarization measured as a function of H in
Tb19FeCo at room temperature. The slope of the hysteresis is due to the strong the para-
magnetic contribution to the signal introduced by the glass windows of the 8T-cryostat.
The line shows the ﬁt to the paramagnetic contribution obtained after the analysis. (b)
pure Faraday rotation obtained after the substraction of paramagnetic contribution. (c)
Temperature dependence of coercivity HC in various TbxFe100−x−yCoy with x ranging
from 14% to 17% (ﬁgure will be updated soon). Note that none of the samples has a TM
within the temperature range of 10K < T < 300K. Only the divergence of coercivity is
observed.
teresis loops in various Tb-compositions (x = 14,15,16,17, and 19). It is clearly seen
that the coercivity increases enormously as the samples are cooled down to 10K. All
the samples show only a divergence in coercivity as the temperature is decreased.
However, we failed to identify the exact position of a TM .
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3.7 Summary
1. Magneto-optical studies showed that Gd18Fe71.8Co10.2 and Gd30Fe61.3Co8.7 ﬁlms
have in-plane magnetic anisotropy while Gd22Fe68.2Co9.8 and Gd24Fe66.5Co9.5
have out-of-plane anisotropy. Figure 3.8(a) shows the temperature dependence
of HC extracted from the hysteresis loops, for the samples with diﬀerent Gd
concentrations: x=18, 22, and 24%. The divergence of HC at 50K and at 270K
represents the TM of Gd22Fe68.2Co9.8 and Gd24Fe66.5Co9.5, respectively. In the
case of Gd18Fe71.8Co10.2 and Gd30Fe61.3Co8.7, no TM within the temperature
range 10K < T < 350K has been observed. In Gd18Fe71.8Co10.2, the magneti-
zation of Fe is larger than that of Gd in the whole temperature range and vice
versa in Gd30Fe61.3Co8.7.
2. Note that the magneto-optical Faraday rotation, which deﬁnes the height of the
measured hysteresis loop, is also a function of Gd-concentration. At room tem-
perature the Faraday rotation measured in Gd18Fe71.8Co10.2, Gd22Fe68.2Co9.8,
Gd24Fe66.5Co9.5, and Gd30Fe61.3Co8.7 in magnetic ﬁelds just above HC reached
0.1, 0.4, 0.5, and 0.1◦, respectively. In fact, in this range of compositions the
Fe concentration changes by only 12%, i.e., the Fe magnetization values are
close in all the samples. The observed diﬀerence in θF is related to the diﬀerent
magneto-optical susceptibilities caused by diﬀerent Gd-concentrations.
3. The micro-structures with sizes down to 1μm2 were fabricated and showed
similar magnetic properties irrespective of their structure sizes.
4. Replacing Gd with Tb lead to a huge changes in the magnetic properties. Es-
pecially the coercivity increases.
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CHAPTER 4
Efﬁciency of ultrafast laser-induced demagnetization in
GdxFe100−x−yCoy alloys1,2
So far in the process of laser-induced ultrafast demagnetization, usually the only de-
gree of freedom to control the eﬃciency of the demagnetization of magnetic materials
has been the ﬂuence of the laser pulse. Here we demonstrate that an additional degree
of freedom is created when an extra reservoir of spins is coupled to the ferromagnet
by a strong exchange interaction. Using a time-resolved pump-probe experimental
setup we studied the eﬃciency of the ultrafast laser-induced demagnetization in mul-
tisublattice GdxFe100−x−yCoy alloys. Our systematic studies clearly show that the
ultrafast demagnetization eﬃciency strongly depends on both Gd-concentration and
the temperature of these ferrimagnets relative to their magnetization compensation
point (T -TM ). With this we also show the importance of the magnetization com-
pensation point of the sample in achieving the ultrafast full demagnetization and
all-optical magnetization reversal.
1Adapted from: R. Medapalli, I. Razdolski, M. Savoini, A. R. Khorsand, A. M. Kalashnikova, A.
Tsukamoto, A. Itoh, A. Kirilyuk, A. V. Kimel, and Th. Rasing, Eﬃciency of ultrafast laser-induced
demagnetization in GdxFe100−x−yCoy alloys, Phys. Rev. B 86, 05442 (2012).
2Adapted from: R. Medapalli, I. Razdolski, M. Savoini, A. R. Khorsand, A. M. Kalashnikova,
A. Tsukamoto, A. Itoh, A. Kirilyuk, A. V. Kimel, and Th. Rasing, The role of magnetization
compensation point for eﬃcient ultrafast control of magnetization in Gd24Fe66.5Co9.5 alloy, Eur.
Phys. J. B 86, 183 (2013).
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4.1 Introduction
The possibility to manipulate magnetic order with the help of a femtosecond laser
pulse is a subject of intense discussions in modern magnetism [1]. The fastest way
to demagnetize a metallic ferromagnet with the help of a laser pulse is limited by
spin-lattice relaxation time (see the illustration in Fig. 4.1). According to the elec-
tric dipole approximation, optically induced spin-ﬂip transitions are forbidden, which
means that a direct pumping of energy from light to spins is ineﬀective. Instead,
light pumps the energy into the electron and phonon systems. This process initi-
ates a transfer of energy and angular momentum to the spins via lattice. However,
the time eﬃciency of such a process is limited by the typical spin-lattice relaxation
time of around 100 ps. In 1996, a seminal observation of subpicosecond laser-induced
demagnetization in metals [2] showed experimentally that spins can be manipulated
faster than any other interaction known at that time. The observation showed that
50% of the actual magnetization in a ferromagnetic Nickel sample was lost within
1 ps after it was excited by 60 fs laser pulse. This initiated discussions about a yet
unexplored, direct channel for the transfer of energy between the electrons and spins
in a ferromagnet.
1 ps
Electrons
Spins Phonons
Exchange-interacon
1 ps
100 ps
pump Electrons
Spins Phonons
100 ps
Figure 4.1: Schematic illustration of the three-temperature model. (a) The three reser-
voirs of energy and angular momentum Electrons, Phonons, and Spins in a Ferromagnet.
(b) Same as of (a) but in a ferrimagnet, where the spin systems of two sublattices are
coupled antiferromagnetically.
Since then a lot of research in ultrafast magnetism is devoted to the investigation
of the (sub)picosecond demagnetization in metallic magnetic materials excited by an
ultrashort (fs) laser pulse [8–14]. Although in most cases the ultrafast demagneti-
zation is incomplete, being often at the level of only a few percent, the majority of
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this research projects has been focused on understanding the time-scale of the demag-
netization and on novel channels of angular momentum transfer from or to the spin
system [1]. At the same time, however, it has been noted that in case of incomplete
demagnetization, the rate at which the magnetization drops might have nothing to
do with the characteristic interaction time of the spins with other reservoirs of energy
and angular momentum (electrons and phonons). Instead, this demagnetization time
is mostly determined by the characteristic time of the electron temperature drop [15].
It has also become clear that, in order to reach an eﬃcient optical control of
magnetism in a medium, one should achieve proper conditions for a complete de-
magnetization or, better, magnetization reversal [16, 17, 19–21]. Indeed, it has been
demonstrated recently that if a rare earth (RE)-transition metal (TM) ferrimagnet,
having antiferromagnetically coupled non-equivalent RE and TM magnetic sublat-
tices, is brought into a transient state with no net magnetization on a sub-picosecond
time scale, the subsequent relaxation from this state leads to a deterministic reversal of
the initial net magnetization of the medium [17]. These and earlier results of all-optical
magnetization reversal in GdxFe100−x−yCoy alloys [19, 20], logically lead to questions
about the physical parameters that play a decisive role for achieving 100% ultra-
fast demagnetization and magnetization reversal. Therefore, understanding how the
degree of ultrafast demagnetization of RE-TM alloys depends on Gd-concentration,
temperature of the sample and pump ﬂuence is an important and timely issue. To the
best of our knowledge, no systematic studies of these research questions have been
performed so far.
In the process of ultrafast laser-induced demagnetization, ususally the only degree
of freedom to control the degree of demagnetization has been the intensity of the light.
However, an additional degree can be created by coupling the spins of one ferromagnet
to spins of another by exchange interaction. In our case, we chose GdFeCo as model
system, where the spins of Gd are coupled antiferromagnetically to that of FeCo. By
varying the compositions of Gd and Fe, it is possible to create three important cases
at a given temperature of the sample: 1) when the magnetization of Gd is smaller
than that of Fe i.e., MGd < MFe, 2) when they are approximately equal i.e., MGd
∼ MFe, and 3) when the magnetization of Gd is larger than that of Fe i.e., MGd >
MFe. For these cases we choose four diﬀerent compositions of GdxFe100−x−yCoy (18,
22, 24, and 30%). Their static magnetic properties of these alloys were discussed in
Chap.3.
In this chapter, we present results of time-resolved stroboscopic magneto-optical
pump-probe experimental studies of laser-induced ultrafast demagnetization in fer-
rimagnetic GdxFe100−x−yCoy alloys with Gd-concentrations varying between 18 and
30%. We have investigated the degree of ultrafast demagnetization as a function
of sample temperature, laser pump ﬂuence, and concentration of Gd. The degree
of demagnetization as a function of laser pulse ﬂuence shows a similar trend in all
studied samples. In contrast, variation of the sample temperature aﬀects the ultra-
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fast demagnetization diﬀerently in diﬀerent samples. An analysis of the results clearly
shows that the degree of the ultrafast laser-induced demagnetization strongly depends
on Gd-concentration and, in particular, on the relative temperature (TM -T ) of the
ferrimagnet compared to its magnetization compensation point TM . The ﬁndings
reveal that the ratio between the magnetizations of the Gd and Fe sub-lattices plays
a crucial role in the process of the laser-induced demagnetization. For instance, the
most eﬃcient demagnetization is achieved when the sample temperature is below TM
and the magnetizations of the sub-lattices are comparable. We analyze the revealed
trends in light of the latest theoretical insights in the area of ultrafast laser-induced
magnetization dynamics of multisublattice magnets [17, 20, 22].
4.2 Time-resolved Experiments
To study the laser-induced magnetization dynamics, a time-resolved stroboscopic
magneto-optical pump-probe technique was employed. Depending on the magnetic
anisotropy of the sample, two diﬀerent conﬁgurations of the experimental setup were
used. For the study of samples with out-of-plane magnetic anisotropy the probe beam
was set at normal incidence. Such a conﬁguration was chosen in order to maximize the
magneto-optical signal from the medium. For the study of the samples with in-plane
magnetic anisotropy the angle of incidence of the probe beam was set to about 60 ◦
in order to increase the k ·MZ product. An external magnetic ﬁeld H generated by
an electromagnet was applied at an angle of 60 ◦ to the sample plane for out-of-plane
anisotropy samples, while for in-plane anisotropy samples H was at an angle of 20 ◦.
The angle of incidence for the pump beam was 60 ◦ in both cases (see Fig. 2.1a for
the experimental geometry).
A Ti:Sapphire laser system in combination with an ampliﬁer was used to generate
100 fs laser pulses with a central photon energy of 1.54 eV and a repetition rate of
1 kHz. Linearly polarized pump and probe beams were focused on the samples into
spots of around 200 and 100 μm in diameter, respectively. The intensity of the pump
beam was at least 100 times larger than that of the probe. The delay between the
two pulses was controlled by a retro-reﬂector on a motorized translation stage in the
pump beam path. After being transmitted through the sample the probe radiation
was collected with a balanced detectors scheme. In the measurements we used an extra
modulation of the probe beam with a chopper operating at 500Hz and synchronized
with the 1 kHz pulse sequence from the laser ampliﬁer. The difference signal from
the photodiodes was ﬁrst sent to a boxcar integrator triggered by the 1 kHz-signal
from the laser. The output of the boxcar integrator was further analyzed by a lock-
in ampliﬁer which used the 500Hz-signal from the chopper as a reference and then
recalculated into the rotation of the probe polarization plane θ. Such a conﬁguration
allowed us to detect the polarization rotation θ while avoiding the effects of scattered
light from the pump beam. Measuring the signal from the lock-in ampliﬁer as a
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function of position of the delay line, we were able to record the temporal behavior of
the magneto-optical signal in a laser excited sample. The pump-probe measurements
have been performed for samples with magnetization saturated and oriented in the
direction of the easy-axis of the magnetic anisotropy. For this we applied a magnetic
ﬁeld slightly above the coercive ﬁeld HC of the corresponding sample. In order to
reduce the inﬂuence of possible artifacts irrelevant to the dynamics of the Faraday
rotation, we conducted the measurements of the rotation θ at two opposite directions
of applied magnetic ﬁelds and took the difference between the measured signals to
obtain θF = (θ(+H)− θ(-H))/2.
With an optical cold-ﬁnger helium ﬂow cryostat, the sample temperature was
varied in the range from 10K to 350K. Note that due to the 1 kHz high-power laser
excitation and a non-ideal heat transfer from the laser-excited spot, the temperature
of the sample was higher than the temperature of the sample-holder in the cryostat.
This temperature increase was calibrated by comparing absolute values of the static
Faraday rotation when the pump beam was present and blocked. Typically, the
laser-induced increase of the average sample temperature was below 60K. This offset
heating has been taken into account in all the measurements shown in the following
sections. Note that during the time resolved measurements, the pump ﬂuence induces
a signiﬁcant increase in the local temperature of the sample, called the dc heating.
This dc heating (30K-60K) of the sample can be calibrated from the comparison of
static hysteresis curves measured for diﬀerent pump ﬂuences, when pump is on and
oﬀ. It gives the change in MS for each pump ﬂuence. By looking at the MS(T) curve
in GdxFe100−x−yCoy ﬁlms, the changes in MS are taken into account.
4.3 Results and Discussion
4.3.1 Ultrafast laser-induced magnetization dynamics in GdFeCo alloys.
Figure 4.2a shows the temporal evolution of the polarization rotation θ in Gd18FeCo
excited at time 0 fs by an intense 100 fs laser pulse for two opposite ﬁeld directions.
The measured curves have been normalized to the signal at negative time-delay θ(-
1 ps). The photo-induced change of the transmission through our samples was ob-
served to be below 6%. At the same time, θ/θ(-1 ps) experiences much larger changes.
Therefore, we can safely assign the dynamics of the diﬀerence between θ measured
at the two magnetic ﬁelds to the dynamics of the Faraday rotation θF = (θ(+H)-
θ(-H))/2. Figure 4.2b shows the dynamics of the Faraday rotation normalized to
the rotation at negative time delay θF /θF (-1 ps). It is seen that within 300 fs after
the laser excitation the magneto-optical signal signiﬁcantly reduces and stays at the
reduced level longer than 5 ps. The following recovery is slow and is observed on
a nanosecond time-scale. We note that at a 2 ps time-delay the processes of both
optical decoherence and thermalization of the electronic system are expected to be
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Figure 4.2: (a) Dynamics of polarization rotation in Gd18FeCo induced by ultrashort laser
pulses with a ﬂuence of 13.4mJ/cm2 measured at room temperature for two opposite
directions of the external magnetic ﬁeld H= 2.4 kG. (b) Laser-induced dynamics of the
Faraday rotation θF . Here D indicates the degree of demagnetization. Solid line is the
ﬁt to the experimental data, used to extract D.
completed [13]. Therefore we conﬁdently ascribe the magneto-optical signal at time-
delays longer than 2 ps to the dynamics of the magnetization of the Fe sublattice:
θF /θF (-1 ps) = MZ/MZ(-1 ps). The reduction of the magnetization within 2 ps is
considered as the amount of ultrafast demagnetization or degree of demagnetization
D and is deﬁned in Eqn. (4.1).
D =
θF (−1 ps)− θF (+2 ps)
θF (−1ps) (4.1)
One may argue that the observed changes of the magneto-optical signal can be
due to a reorientation of the magnetization over a large angle. It is indeed known that
an ultrafast excitation of a metal can change its eﬀective magnetic anisotropy ﬁeld
and trigger magnetization reorientation [4, 30]. We would like to note, however, that
the measured transient signal is characterized by a subpicosecond drop followed by a
slow recovery on a nanosecond time-scale with no sign of oscillations. If one assumes
that the subpicosecond drop is due to a tilt of the magnetization, it would mean that
the magnetic system is characterized by a very high magnetic resonance frequency
(with precession periods in the subpicosecond time-domain) and an extremely high
damping (it should be high enough that a triggered precession is damped over a
quarter of the period). However, such high values are not conﬁrmed either by ex-
perimental [19] or theoretical studies [31] of magnetic resonance in GdFeCo-alloys.
Moreover, the observed values of the demagnetization are at least as large as 50%.
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If such a change is caused by a reorientation of the magnetization, it would mean
that the magnetization rotates over at least 60 ◦. However, it seems that there is no
reason for such a huge change of the equilibrium orientation. A sub-picosecond mag-
netization reorientation would mean that the eﬀective magnetic anisotropy changes
at an even faster time-scale. Since the laser-induced changes in a magneto-crystalline
anisotropy occur only after 2 ps (see the illustration in Fig. 4.1), such a fast change
cannot be due to a change of magneto-crystalline anisotropy [30] and must originate
from ultrafast demagnetization of the material. Saturation magnetization (MS) in
the studied compounds is of the order of 50G or even less [25]. 4πMS is much smaller
than the applied magnetic ﬁeld in our experiment (2.5 kG). Therefore, demagneti-
zation will not be able to cause a suﬃcient change of the equilibrium orientation of
the magnetic moment. Hence, we are strongly convinced that the observed ultrafast
demagnetization is purely a reduction in magnetization that still stays along the easy
axis.
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Figure 4.3: (a) Time dependence of ultrafast demagnetization in Gd18FeCo at room
temperature at three different pump ﬂuences 4.0, 6.7, and 10.5mJ/cm2, respectively.
(b) Corresponding degree of demagnetization D as a function of the pump pulse ﬂuence
measured at RT for various samples.
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4.3.2 Fluence dependence of ultrafast demagnetization
Figure 4.3a shows the dynamics of the ultrafast demagnetization in Gd18FeCo at three
diﬀerent pump ﬂuences 4.0, 6.7, and 10.5mJ/cm2 measured at room temperature. It
is seen that D increases with an increase of pump ﬂuence. Performing the measure-
ments for a wide range of ﬂuences, we found that D increases up to 10mJ/cm2 and
saturates for higher ﬂuences at the level of nearly 40%-60%. The ﬂuence dependence
of D is given in Fig. 4.3b.
Similar experiments at room temperature have also been carried out on Gd22FeCo,
Gd24FeCo, and Gd30FeCo samples (see Fig. 4.3b). A general trend holds for all
samples, i.e., demagnetization occurs within the ﬁrst few hundreds of fs. In all the
samples we have also observed an increase in D followed by saturation upon increasing
the pump ﬂuence. Slightly above the saturation pump ﬂuence optical excitation
results in irreversible changes in all the samples. It should be emphasized that this
damage threshold is obtained for the case of excitation with a 1 kHz sequence of the
laser pulses when the time between two successive pump pulses is not suﬃcient for
heat dissipation. Decreasing the repetition rate one should be able to increase the
damage threshold. Consequently, in experiments with a lower repetition rate a higher
degree of the demagnetization can be expected.
4.3.3 Temperature dependence of ultrafast demagnetization
Figure 4.4a shows the dynamics of the magneto-optical signal θF /θF (-1 ps) measured
in Gd18FeCo for a ﬁxed pump ﬂuence of 10.5mJ/cm
2 at three different temperatures
40, 265 and 330K. It can be seen that the dynamics of the magneto-optical signal
shows a weak dependence on the sample temperature. Detailed measurements in
the temperature range of 40-360K showed that the degree of demagnetization D
increases slightly from 35% to 45% upon a temperature increase within this range
(see Fig. 4.4b).
The situation changes strongly when the concentration of Gd gets a little higher.
Figure 4.5a shows the dynamics of the magneto-optical Faraday effect in the Gd22FeCo
sample at three diﬀerent temperatures 70, 130 and 370K. As one can see in Fig.
4.5b, the degree of demagnetization D appears to be very sensitive for the sample
temperature and depends on the latter in a non-monotonous way. A heating of the
sample from 70K to 140K results in a drop of D from 70% to 30%. Further heating
of the alloy leads to a partial recovery of the demagnetization efﬁciency so that at
room temperature D is comparable to the one in Gd18FeCo.
Further increase of Gd-concentration results in even more dramatic changes of
the laser-induced dynamics in the alloys. Figure 4.6(a) shows the dynamics of the
magneto-optical Faraday rotation measured in Gd24FeCo at diﬀerent temperatures at
a pump ﬂuence of 10.7mJ/cm2. If the temperature of the sample is below the com-
pensation point, a pump pulse of ﬂuence 10.7mJ/cm2 causes 100% demagnetization
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Figure 4.4: (a) Time dependence of ultrafast demagnetization in Gd18FeCo at three
different temperatures 40, 265, and 360K (top to bottom) is shown at a ﬁxed pump
ﬂuence of 10.5mJ/cm2. (b) Extracted degree of ultrafast demagnetization D as a function
of T.
of the alloy (see Fig. 4.6b). However, just above the compensation point the same
ﬂuence causes just 50% demagnetization. At room temperature the degree of the de-
magnetization of Gd24FeCo is comparable to the one in Gd18FeCo and in Gd22FeCo.
Therefore, the results obtained for Gd18FeCo, Gd22FeCo and Gd24FeCo alloys reveal
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Figure 4.5: (a) Time dependence of ultrafast demagnetization in Gd22FeCo at three dif-
ferent temperatures 70, 130, and 370K is shown at a ﬁxed pump ﬂuence of 10.5mJ/cm2.
(b) Extracted degree of ultrafast demagnetization D as a function of T.
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Figure 4.6: (a) Time dependence of ultrafast demagnetization in Gd24FeCo at three
different temperatures 70, 250, and 350K is shown at ﬁxed ﬂuence of 10.7mJ/cm2. (b)
Extracted degree of ultrafast demagnetization D as a function of T.
that the presence of the magnetization compensation point plays an important role
in the process of the subpicosecond demagnetization. Indeed, in Gd18FeCo, which
does not possess a compensation point, no pronounced temperature dependence of
D is observed. In contrast, in Gd22FeCo the compensation point lies just below the
studied temperature range and it is seen that the eﬃciency of the demagnetization for
a given laser pulse ﬂuence increases upon cooling the sample towards TM . This eﬀect
becomes even more pronounced in Gd24FeCo, where the magnetization compensation
point lies just in the middle of the studied range of temperatures. The data obtained
for this alloy show that heating further away from the compensation point decreases
the degree of demagnetization. Furthermore, laser excitation demagnetizes the alloys
most eﬃciently at temperatures below the compensation point.
Finally, we studied the temperature dependence of the demagnetization in the
Gd30FeCo sample in which no magnetization compensation point is observed and the
magnetization of the Gd-sublattice is always larger than the one of Fe. Figure 4.7a
shows the dynamics of the Faraday rotation θF /θF (-1 ps), measured in Gd30FeCo
at three different temperatures 20, 140, and 320K. In the range between 50K and
300K, D is 40% and almost does not depend on the temperature. An increase of D
from 40% to 70% is observed when the sample temperature is increased from 300K
to 350K (see Fig. 4.7b). Hence again a slight change of Gd-concentration resulted in
a dramatic change in the degree of demagnetization D.
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Figure 4.7: (a) Time dependence of ultrafast demagnetization in Gd30FeCo at three dif-
ferent temperatures 20, 140, and 320K is shown at a ﬁxed pump ﬂuence of 10.5mJ/cm2.
(b) Extracted degree of ultrafast demagnetization D as a function of T.
4.4 Comparison of ultrafast demagnetization above and below
TM.
The dynamics of the magneto-optical signal θF /θF (-1 ps) of Gd24FeCo measured for a
ﬁxed pump ﬂuence at 10.7mJ/cm2 at three diﬀerent temperatures 100, 220 and 250K
are shown at the left in Figure 4.8(a-c). It is very interesting to see that the for any of
these temperatures, the sample demagnetizes completely, i.e., 100% demagnetization
within ﬁrst 2 ps and stays at the same level up to several picoseconds. It is evident from
the plots at the right in Figure 4.8(a-c) that at longer time scales the magnetization
starts to change its sign and continues to grow in opposite direction to its initial
state. Complete magnetization reversal occurs at roughly 1500 ps. This magnetization
reversal occurs without any oscillations. It may be shown that the mechanism of the
reversal is diﬀerent from a conventional precessional switching under the inﬂuence of
an external magnetic ﬁeld. We have observed the same behavior for any temperature
below TM .
Above TM , the situation is completely diﬀerent from what has been observed
below TM . Figure 4.8(d,e) shows the time resolved magneto-optical response to the
laser pulses of the same ﬂuence at two diﬀerent temperatures 280 and 350K, above
TM . At shorter time scales, the ultrafast demagnetization reaches up to 50 and
40%, respectively and stays there up to several picoseconds. At longer time scales,
the magnetization slowly starts recovering back to its initial state. Hence, only a
partial ultrafast demagnetization and a slow recovery are observed. Therefore, if
the sample temperature is below TM , a pump pulse of ﬂuence 10.7mJ/cm
2 causes
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Figure 4.8: (a) Time dependence of ultrafast demagnetization in Gd24Fe66.5Co9.5 at a
ﬁxed pump ﬂuence of 10.7mJ/cm2 for various sample temperatures below (a-c) and above
(d,e) the magnetization compensation temperature (TM ). At the left side the ultrafast
magnetization dynamics up to 7 ps is shown, whereas at the right the slow dynamics up
to 1500 ps is shown. A DC external magnetic ﬁeld of 2.4 kOe was used to make sure that
the magnetization is saturated along its easy axis before every next pump pulse arrives.
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100% ultrafast demagnetization D to the ferrimagnetic Gd24Fe66.5Co9.5 thin ﬁlm.
This demagnetization is followed by the magnetization reversal. However, heating
further away the sample above TM , the eﬃciency of D is reduced down to 50% and
no magnetization reversal is observed.
4.5 Discussion
As mentioned above, in the described experiments the magneto-optical signal is dom-
inated by the response of the Fe-sublattice. In the studied alloys Fe constitutes
60%-72% per chemical formula unit and, consequently, the absolute value of the
magnetization of the Fe-sublattice is approximately the same in all the studied alloys.
However, it appears that small changes in the composition or the temperature of the
sample lead to dramatic changes in the degree of the ultrafast demagnetization of the
Fe-sublattice.
Starting from the very ﬁrst study of laser-induced demagnetization of magnetic
metals, the transient laser-induced processes have been described in terms of a three-
temperature model, where spins, free electrons and the lattice played the role of
reservoirs of energy and angular momentum [29]. In these models an ultrafast laser
excitation resulted in a rapid absorption of energy by the electron system, followed by
a re-distribution of energy from the electrons to the spins and lattice, accompanied
by a ﬂow of angular momentum from the spin system to the two other reservoirs.
So far, most of the models of laser-induced magnetization dynamics have treated
the spins as one reservoir, even in cases where the system consists out of two or
more spin sublattices. Only very recent theoretical treatments [17, 22] and time-
resolved and element-speciﬁc experiments [20] on GdFeCo alloys have showed that
such an approach has a serious shortcoming. It has been discovered that ultrafast
laser excitation of GdFeCo causes ultrafast collapse and subsequent reversal of the
Gd and Fe sub-lattice magnetizations on distinctly different time-scales [20]. This
clearly showed that the spin system in such a complex magnetic medium should not
be considered as a single reservoir. Instead, a transfer of angular momentum between
these spin reservoirs should be considered [17, 22].
In the light of these ﬁndings it becomes clear that our experimental results reveal
only the degree of ultrafast demagnetization of the Fe-sublattice, while demagneti-
zation of the Gd-sublattice is expected to happen on a longer time-scale but is not
monitored in our experiments. In Gd24FeCo below TM (= 270K), the Gd-sublattice
has a larger magnetization than the Fe-sublattice. Consequently, Gd is an eﬀective
reservoir of angular momentum that, in particular, allows one to reach 100% ultra-
fast demagnetization of the Fe-sublattice, such demagnetization was also seen in our
experiments. Above TM the Fe-sublattice has a magnetic moment larger than the Gd
one and full demagnetization of the former would mean reversal of the net magnetiza-
tion. Obviously, demagnetization above TM is more diﬃcult than below. As a result,
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laser pulses of the same ﬂuence cause 100% demagnetization of Fe in Gd24FeCo be-
low the compensation point and just a partial demagnetization above TM (see the
illustration in Fig. 4.9).
Gd Fe
Fe Gd
Spin reservoirs
Below compensaon temperature Above compensaon temperature
Spin reservoirs
a) b)
t = - 1 ps
t = + 1 ps
t = - 1 ps
t = + 1 ps
Eﬃcient transfer 
of angular momentum
Ineﬃcient transfer 
of angular momentum
Figure 4.9: Schematic illustration of the model for the transfer of angular momentum
between the spin reservoirs. (a) Below TM , the magnetization of the Gd and Fe are
illustrated for the pump-probe delays at t = -1 ps and at t = +1 ps. The double arrow
indicates that there is an eﬃcient transfer of angular momentum from Fe to Gd. (b) Same
as of (a) but for the case of T above TM . Since the magnetization of Fe is dominating
and Gd being a small reservoir of angular momentum, Gd cannot facilitate the transfer
of angular momentum from Fe.
The results obtained in Gd22FeCo in the range up to 150K and in Gd18FeCo
can also be understood along the same line. In both cases Gd constitutes an even
smaller reservoir of angular momentum than in Gd24FeCo. However, experimental
results on ultrafast demagnetization of the Fe-sublattice in Gd30FeCo reveal that if
the net magnetization of Gd is getting much larger than the one of Fe, the eﬃciency of
the demagnetization decreases despite of an increasing capacity of the Gd-reservoir.
A qualitative theoretical analysis [22] allows us to suggest that this can be due to
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a reduction of the Fe-Fe exchange interaction. Such a reduction would result in
a slowdown of the process of the ultrafast demagnetization. Since the latter can
only occur during a limited period of time between the moment of excitation of the
metal until the free electron gas cools down below the Curie temperature, this would
show up in our experiments as a decrease in the degree of the demagnetization. We
would like to stress, however, that the suggested explanation is very qualitative. An
interesting behavior has been observed in the temperature dependencies obtained
for Gd22FeCo and Gd30FeCo in the ranges above 150K and 300K, respectively. In
particular, an increase of the temperature of Gd22FeCo above 150K results in a
nonmonotonic behavior of the degree of the ultrafast demagnetization. An increase
of the temperature of Gd30FeCo above 300K leads to a substantial change of the
degree of the demagnetization as well. We must admit that we are unable to clarify
the origin of these features yet. However, it must be mentioned that to the best
our knowledge, even the fact that the most eﬃcient ultrafast demagnetization of
the Fe-sublattice in GdFeCo-alloy is observed when the magnetizations of Gd and
FeCo are close to one another, cannot be unambiguously predicted by any of the
existing theories. Therefore, we believe that our experimental ﬁndings will stimulate
further theoretical analysis of the problem of ultrafast laser-induced demagnetization
in multisublattice magnets.
Our experimental results clearly show that the switching of the laser-induced mag-
netization reversal occurs only if the conditions of full demagnetization have been ful-
ﬁlled. The scenario of the reversal can be seen as follows. Firstly, femtosecond laser
excitation brings the material into a strongly non-equilibrium demagnetized state.
Secondly, such a subpicosecond demagnetization is followed by a relaxation into one
of the metastable states. If the demagnetization was not full, the magnetic metal
relaxes back into a state with the initial orientation of the magnetization. However,
if ultrafast laser-excitation leads to a full demagnetization of one of the ferrimagnetic
sublattices, the relaxation from this state will proceed towards another metastable
state with the magnetization reversed. Consequently, similarly to the ultrafast laser-
induced demagnetization, the eﬃciency of the laser-induced magnetic switching in
ferrimagnets is temperature dependent, being the most eﬀective below the magneti-
zation compensation point. Finally, we would like to note that despite the external
magnetic ﬁeld applied in our experiment, the conclusions of our work have also im-
plications for understanding the physics of all-optical switching which occurs without
any magnetic ﬁeld applied [3, 21]. Note that the period of precession of an electron
spin in an external magnetic ﬁeld of 2.4 kOe is about 100 ps. Consequently, one can
assume that such a small eﬀective ﬁeld hardly aﬀects the magnetization dynamics in
the sub-10 ps time-domain [17] and the dynamics of the all-optical magnetic switching
in this temporal range is similar to the one studied in this chapter.
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4.6 Conclusions
With the aid of time resolved pump-probe experiments we have examined the ultra-
fast demagnetization eﬃciency in various GdxFe100−x−yCoy alloys as a function of
Gd-concentration (x =18, 22, 24, and 30%) and sample temperature. The diﬀerence
in demagnetization dynamics in Gd24FeCo above and below TM shows that the ultra-
fast demagnetization is more eﬃcient below TM , i.e., the initial temperature of the
sample plays an important role. A comparison of the degree of demagnetization in
Gd18FeCo and Gd30FeCo with that of Gd24FeCo shows that the more eﬀective demag-
netization takes place when the magnetizations of the individual atomic sublatices (Fe
and Gd) are approximately equal. Finally, we would like to note that since achieving
the conditions for 100% demagnetization is of crucial importance for the realization
of all-optical switching via a strongly non-equilibrium state [16, 17, 21], our results
clearly show that the all-optical switching is most easily observed in ferrimagnets
with a magnetic compensation point. All-optical switching requires less laser pulse
ﬂuence, when the sample is below the compensation temperature. Finally, our exper-
iments clearly show that heating a ferrimagnetic material further away from the point
of magnetic compensation makes laser-induced demagnetization and magnetization
reversal increasingly diﬃcult.
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CHAPTER 5
Highly eﬃcient all-optical switching of magnetization in
GdFeCo micro-structures by interference-enhanced absorption
of light1
Employing magnetization-sensitive microscopy techniques, we address the light-in-
duced magnetization dynamics of patterned samples of rare-earth transition metal
alloys. We experimentally ﬁnd that smaller structures require a lower energy density
to undergo all-optical switching of the magnetization. With the aid of simulations
we explain this reduction in terms of enhanced light absorption by interference of the
light within the structure. This results in a decrease of about 60% in the energy
densities required for all-optical switching compared with those in continuous thin
ﬁlms of the same alloy. Moreover, we envisage that an energy lower than 10 fJ should
be suﬃcient to switch a 20× 20 nm2 structure.
5.1 Introduction
The incessant demand for ever higher recording densities in magnetic hard drives
requires continuous eﬀorts for further magnetic bit miniaturization. Several eﬃcient
1Adapted from: M. Savoini, R. Medapalli, B. Koene, A. R. Khorsand, L. Le Guyader, L. Du`o,
M. Finazzi, A. Tsukamoto, A. Itoh, F. Nolting, A. Kirilyuk, A. V. Kimel, and Th. Rasing, Highly
eﬃcient all-optical switching of magnetization in GdFeCo microstructures by interference-enhanced
absorption of light, Phys. Rev. B 86, 140404(R) (2012).
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techniques have already been developed for recording and retrieving nanosize mag-
netic bits, but the rate of writing and reading single data bit is still limited to several
ns [1]. One way for obtaining a faster working speed together with energy eﬃcient
data storage is the use of all-optical switching (AOS) in rare-earth transition metal
ferrimagnetic thin ﬁlms [2], in which unsurpassed recording rates have been demon-
strated [3, 4]. The switching process here is ignited by the absorption of photons [5, 6]
and requires an amount of energy which compares favorably with present-day mag-
netic recording technologies [7, 8]. By carefully tuning the laser ﬂuence and exploiting
the threshold barrier that is characteristic for the optically induced reversal [2, 8], it is
possible to conﬁne the AOS within a few tens of squared micrometers. Such a dimen-
sion is orders of magnitude larger than the current bit size in magnetic data storage.
This problem can be circumvented by patterning the magnetic ﬁlms and realizing
micro- and nanosized structures [9, 10]. However, a thorough understanding of how
structuring down to dimensions comparable to or smaller than the optical wavelength
aﬀects AOS key parameters, such as switching speed, and ﬂuence threshold, is still
lacking. In this chapter, we present our results on ultrafast magnetization dynamics
and reversal in diﬀerent microstructures realized in a GdFeCo thin ﬁlm. We show
that there are strong eﬀects of light interference within these structures, leading to
an enhanced energy absorption for smaller areas. This makes AOS an ideal candidate
for extremely energy-eﬀective and fast magnetic recording.
5.2 Samples and Experimental Setup
The sample consisted of a series of patterned squared areas with diﬀerent dimensions,
fabricated via liftoﬀ techniques in a ﬁlm of Gd26Fe64.5Co9.5, as reported in Ref.9.
The structure and thickness (number between parentheses in nm) of the layers is as
follows: glass/Ti(2)/Pt(8)/SiN(5)/GdFeCo(20)/SiN(20). To address the magnetiza-
tion dynamics in a single structure down to 1× 1μm2, we modiﬁed a commercial
confocal microscope (WiTec GmbH, Germany) to obtain femtosecond temporal and
submicrometer spatial resolution [11]. This setup gives the possibility to work in am-
bient conditions and with a table-top setup. Moreover, it oﬀers several advantages in
terms of simplicity and temporal resolution compared with other techniques (see, for
example, Refs. 12-14). We employ an ampliﬁed Ti:sapphire system (repetition rate
f=250 kHz, output power Pav =1.5W, emission wavelength λ=800 nm, pulse dura-
tiont=60 fs). We split the laser beam into two parts with a 90%-10% beam splitter
to set up a collinear pump-probe scheme. The pump beam is doubled in frequency
with a nonlinear crystal. Both beams, after being delayed with respect to each other,
are linearly polarized and enter into the confocal microscope. Light is focused on
the sample by an Olympus 40X(NA=0.55) microscope objective. Due to chromatic
aberrations, the focal planes diﬀer for pump (λ=400 nm) and probe (λ=800 nm). We
place the sample in the probe focal plane, where we have a diﬀraction-limited probe
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spot of σprobe = 800 nm while the larger pump spot size is σpump = 5μm full width at
half maximum (FWHM). The dimensions of the beams have been carefully evaluated
using the Lius method [15]. After the sample, the beams are collected by a Nikon
objective (100X, NA=0.8), pass the analyzer, and are focused onto the detector. We
exclude contributions from the pump beam with a long-pass ﬁlter (RG695). The
temporal resolution has been measured to be 300 fs with an autocorrelation technique
after both objectives. We thus estimate the pulse duration in the sample plane to be
lower than 200 fs. The static characterization of the magnetization in diﬀerent struc-
tures, performed with the probe beam (σprobe = 800 nm) (see Fig. 3.10). Note that
the probe beam is smaller than the structure size allows for a direct comparison of the
measured hysteresis loops. The samples show out-of-plane anisotropy, a high Faraday
rotation (about 0.6 deg., at λ=800 nm), and a coercive ﬁeld of about HC =400G.
It is important that structures with diﬀerent lateral sizes present similar magnetic
properties so that we can directly compare their magneto-optical properties.
5.3 Results
With the aforedescribed optical microscope we performed pump-probe measurements,
exciting the sample magnetization with an intense pump pulse and recording the Fara-
day rotation of the probe as a function of the relative delay between the pump and the
probe. The sample magnetization is always saturated along the easy axis with the use
of a permanent magnet in close proximity to the sample (800G at the position of the
sample) such that stroboscopic measurements can be performed. Figure 5.1a presents
an example of the pump-probe magnetization dynamics obtained as a function of the
ﬂuence for 15× 15μm2 structure. By increasing the laser ﬂuence we see an increasing
demagnetization. Note that for ﬂuences below 3mJ/cm2 the magnetization relaxes
back to the initial state following an exponential behavior with a characteristic time
of 100− 150 ps. This relaxation becomes slower for demagnetizations higher than
70% (or alternatively laser ﬂuences higher than 3mJ/cm2). After this point the of
the time dependence cannot be ﬁtted by a single exponential but shows a piecewise
linear trend. We can explain this trend as a loss of correlation in the local exchange
interaction due to the high electronic temperature reached by the system, making the
relaxation dynamics slower than exponential. This trend is in qualitative agreement
with calculations based on Landau-Lifshitz-Bloch equations [16] and atomistic sim-
ulations [17]. In the case shown in Fig. 5.1a, for ﬂuences above 5.5± 0.55mJ/cm2,
magnetization switching is induced. This observation is in agreement with recent
experiments which show that AOS is subjected to a threshold ﬂuence [8], and has
been ascribed to ultrafast nonequilibrium dynamics of the Gd and FeCo sublattices
[5, 6]. The reversal occurs within 50− 100 ps, similar to previously reported optical
measurements in continuous ﬁlms [18]. In our measurements we access only the ﬁrst
500 ps, i.e., when the temperature of the illuminated spot is still elevated and the
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Figure 5.1: (a) Magnetization dynamics as a function of the ﬂuence for structure
15× 15μm2. It is seen that at a ﬂuence of about 5.5mJ/cm2 we induce a switch-
ing event, followed by a relaxation to the initial state. (b) Magnetization dynamics at a
ﬁxed ﬂuence of 1.9± 0.2mJ/cm2 for diﬀerent structure sizes. A strong dependence is
seen as we measure a higher demagnetization upon decreasing the structure size.
external ﬁeld is acting against the switched domain. These factors act together to
saturate the probed magnetization switching at the level MZ/M0 = −0.3. A similar
trend is observed if we study the pump-probe dynamics for a ﬁxed pump ﬂuence, for
example, 1.9± 0.2mJ/cm2 (twice as low as the one required for AOS in a continuous
ﬁlm), upon reducing the structure dimensions, as presented in Fig. 5.1b. For struc-
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tures with dimensions of 50× 50μm2 and 15× 15μm2, both much larger than the
pump and probe beam sizes, the eﬀect on the magnetization is practically the same.
However, the initial demagnetization considerably increases upon further reducing the
structure dimension. Surprisingly, we measured 50% and basically full demagnetiza-
tion in the 5× 5μm2 and 2× 2μm2 structures, respectively. Eventually all-optical
switching is even observed in 1× 1μm2 structures. Notably, the diﬀerent dimensions
do not directly aﬀect the initial demagnetization speed which occurs on average within
1 ps. Naively one would, moreover, expect that the pump-induced changes should be
triggered by a constant energy density, thus we expect no dependence as a function
of the dimension.
The experimental conditions are sketched in the inset of Fig. 5.2, where the pump
lateral size is about ﬁve times larger than the probe one. Thus the probed area is
excited by a homogeneous (practically constant) laser ﬂuence. Figure 5.2 presents,
respectively, the trend for the energy densities required to induce 100% demagneti-
zation, AOS, and sample damage, i.e., an irreversible change of the magnetization
status of the illuminated area, as a function of the sample size. Indeed, for the larger
structures 15× 15μm2 and 50× 50μm2 the energy density required to induce 100%
demagnetization is at the level of 6mJ/cm2. However, further decrease of the struc-
ture site leads to a signiﬁcant reduction of the energy density down to 2mJ/cm2 for
1× 1μm2 structures.
This ﬁnding makes AOS one of the most energy-eﬀective means to control the
magnetization of a sample. Therefore understanding the responsible mechanisms that
are making the energy absorption more eﬀective in smaller areas is a key point both
for fundamental research and possible applications. Since demagnetization and AOS
are events induced by a single optical pulse and occur on a picosecond time scale, we
can exclude that the reduced heat capacity and/or the limited electron diﬀusion of a
smaller structure may play an important role. In fact, heat diﬀusion and hot electron
transport and thermalization occur within longer time scales for spatial distances of
the order of 1μm or larger [about several tens of ns (Ref. 19)]. Thus no inﬂuence
on the trends reported in Fig. 5.2 is expected. On the other hand, the drop of
the required energy densities can be explained by an increased absorption due to
interference eﬀects of the light when its wavelength and the focused dimension are of
the same order as the sample size. We address this possibility through simulations,
as presented in the following section.
5.4 Simulations and the Discussion
Finite diﬀerence time domain (FDTD) simulations have already proved to be an ef-
fective tool to understand interference eﬀects [20]. Thus we have performed FDTD
calculations to investigate the lateral conﬁnement and interference of the optical ﬁeld
distribution within the magnetic layer [21]. With a 5× 5× 1 nm3 mesh we have sim-
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Figure 5.2: Energy proﬁles of the electric ﬁeld intensity taken at the center of the
structures. The formation of a standing wave pattern due to the lateral conﬁnement of
the incoming radiation, when the dimensions of the structures are equal to or smaller
than the beam size, is clearly visible. (b) Variation of the simulated energy distribution
per unit area as a function of the structure lateral dimension, represented with a squared
point, compared with the trend expected in the case of no interference eﬀects present
(circles). The expected energy needed to optically switch a 20× 20 nm2 domain is as low
as 10 fJ. The vertical line indicates the pump beam wavelength.
ulated the multilayer structures, using refractive indices extracted from ellipsometric
measurements [8]. The dimension and focusing of the pump beam are chosen to
match the experimental values. The simulations were performed from a structure
size of 20× 20 nm2, basically equivalent to the actual bit size in present-day hard
drives, up to 15× 15μm2. Figure 5.3a shows the resulting intensity proﬁle across a
line through the center of the structures that are shown in the Fig. 5.4. It is appar-
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ent that reducing the structure dimension below the beam size (≈ 5μ FWHM) leads
to a formation of a standing wave pattern due to the scattering of the beam by the
structure edges. From these electric ﬁeld distributions we can calculate the integral of
the absorbed energy density. Figure 5.3b shows the trend of the simulated absorbed
energy density in the structures (squares) compared with the integrated proﬁle of a
Gaussian beam within the same area (circles). We ﬁnd two separate behaviors: (i)
Below 400× 400 nm2, no signiﬁcant change in the absorption is visible. (ii) Above
400× 400 nm2 a steady decrease in the integrated absorbed energy density is visible
with increasing structure size. The diﬀerence between absorption with or without
interference eﬀects is remarkable especially for smaller structures. We would like to
remind that 400 nm is also the wavelength of the pump beam. This is a clear indica-
tion that interference of light in (sub)micrometer structures plays a crucial role. In
fact, we have an increase in absorption until the structure size becomes similar to the
wavelength.
Reducing the pattern size even further does not show any signiﬁcant enhanced
absorption. Note that there is one diﬀerence between the experimental measurements
of Fig. 5.2 and the simulated results presented in Fig. 5.3b. In the former, a devi-
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Figure 5.4: Electric ﬁeld intensity proﬁles of the various structures. The brighter the
proﬁle looks, the more intensity the structure absorbs.
ation from the expected constant energy density is visible already for the 5× 5μm2
structure, while in the latter a clear eﬀect of the interference is present for smaller
patterned areas. This diﬀerence originates from the diﬀerence in probed area in
experiments and simulations. In the experimental results we are probing the magne-
tization dynamics locally, with a beam size of 800 nm. In contrast, in the simulations
we compute the absorbed energy integrated over the entire structure. We have also
evaluated the inﬂuence of the thickness of the structure in the interference eﬀects. We
simulate that these eﬀects are stronger for thinner samples, while they tend to disap-
pear when either the magnetic layer and/or the capping layers become thicker than
100 nm. As mentioned above, the lower heat capacity of smaller structures cannot
explain the increased eﬃciency of AOS, while it may still play a role in the damaging
of the structures, which occurs at longer time scales. Smaller structures, in fact, do
not have lateral dissipation channels. Thus the temperature tends to increase more
than in the larger ones, ﬁnally leading to irreversible changes. The presented results
have very interesting consequences for AOS at the nanoscale. For example, we can
extrapolate the energy required to optically switch a nanosized domain. In patterned
areas smaller than the pump dimension (σpump = 5μm) the integrated Gaussian pro-
ﬁle corresponds to the experimentally measured peak ﬂuence. Thus we are able to
estimate the energy required for any structure size by using the following formula:
E = F1(α1/αmax)A (5.1)
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where F1 is the switching threshold ﬂuence and α1 the normalized absorption enhance-
ment for the 1× 1μm2 structure plotted in Fig. 5.3b, αmax is the maximum absorp-
tion enhancement, and A is the area of the patterned structure. Thus with a required
switching ﬂuence F1 = 2mJ/cm
2 , α1 = 1.3, αmax = 1.6, and A =4× 10−7 cm2, the
estimated energy for a 20× 20 nm2 bit is E<10 fJ. Such an energy would be a few
orders of magnitude smaller than that used in current magnetoresistive random ac-
cess memory (MRAM) technology, and even compares favorably with the low energy
requirements for magnetic semiconductor switching [7, 22].
5.5 Summary
1. We have demonstrated that micropatterned samples show a strong decrease in
the pulse energy required for all-optical switching. We explain this reduction
by interference of light in (sub)micrometer sized structures, which leads to 60%
higher light absorption than in continuous ﬁlms.
2. We envisage that by employing techniques such as near-ﬁeld optics and espe-
cially plasmonic antennas to conﬁne the impinging pulses [12, 13, 20], together
with the scaling down to a 20× 20 nm2 structure size, it should be possible to
optically switch structures employing the extremely low energy of 10 fJ.
3. To ensure the thermal stability of such a small domain, other rare-earth transi-
tion metal compounds such as TbFeCo may be used. This compound exhibits
more than one order of magnitude larger uniaxial anisotropy and thus has a
better thermal stability, while possessing similar optical and magneto-optical
properties as GdFeCo.
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CHAPTER 6
Ultrafast Spin and Orbital Angular Momentum Dynamics in
GdFeCo alloy
In the previous chapters we demonstrated, highly eﬃcient optical control of mag-
netism in multi-sublattice magnet. However, the microscopic understanding of ultra-
fast magnetism in multi-sublattice magnets such as RE-TM alloys has remained to be
a challenge and the experiments are still described in terms of models which hardly
have predictive power. This is mainly due to the fact that ultrafast laser excita-
tion brings these alloys out-of-equilibrium, triggering substantially diﬀerent dynamics
of the constituent elements. An intriguing yet unanswered question at the moment
is how do the elemental spin and orbital momenta behave upon fully reversing the
magnetization of such multi-component alloy? To address this question, and to dis-
entangle and follow in real time the spin and orbital moments dynamics one needs
to employ element-speciﬁc measurements with fs time resolution. In particular, ele-
ment selective measurements can be performed through core level spectroscopy. X-ray
magnetic circular dichroism (XMCD) allows to obtain an access to spin and orbital
angular momenta via sum rule analysis. In this chapter we describe our time-resolved
X-ray studies of laser-induced spin and orbital dynamics in GdFeCo and GdFe alloys.
6.1 Introduction
The need for understanding ever faster magnetic dynamics has pushed the area of
ultrafast magnetism to the frontier of science. In particular, the discoveries of ultrafast
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laser-induced demagnetization and all-optical switching (AOS) in magnetic metals
have initiated an intense research in both fundamental and applied science using both
experimental and theoretical methods [1–5]. The studies of AOS have shown that the
laser pulse steers the magnetization reversal along a novel and yet unexplored route.
In particular, it has been demonstrated recently that if a rare-earth (RE)-transition-
metal (TM) ferrimagnet is brought on a subpicosecond time scale into a transient state
with no net magnetization of TM-sublattice, the subsequent relaxation from this state
leads to the reversal of the initial net magnetization [8]. It has been also shown that
the non-equivalency of the atomic sublattices and the diﬀerent demagnetization time-
scales of the sublattices in a ferrimagnet are essential for the all-optical magnetization
reversal to occur [7]. Such a reversal is mediated by a ferromagnetic-like state for
a short period of time after the excitation with an ultrashort laser pulse, prior to
returning to the initial anti-ferromagnetic ground state [8, 9]. During this period of
intermediate state, the magnetic system stores a large amount of energy in the intra
and inter-sublattice exchange interactions. In Chap.4 it was also shown that during
the ultrafast magnetization reversal in GdFeCo ferrimagnet RE-element(Gd) acts as a
reservoir of angular momentum. Also theory predicts an intense angular momentum
transfer between TM and RE sublattices during AOS. Although the experiments are
in qualitative agreement with the results of a relatively simple model which simulates
a magnet as an ensemble of 106 spins interacting with electrons and lattice (3T-
model), a possible transfer of angular momentum between orbitals and spins has
not been studied yet in these materials. Is there any need to assign an additional
reservoir of angular momentum associated with orbitals in such a 3T-model? Another
fundamental question originates from the fact that the theory was made for a GdFe
system while the experiments were performed on GdFeCo systems only. The inﬂuence
of Co on the AOS has not been studied experimentally yet. Is there any need to assign
a reservoir of angular momentum to Co in the model?
This chapter aims to answer the above mentioned questions using X-ray tech-
niques. We have employed the time-resolved X-ray Magnetic Circular Dichroism
(XMCD) technique, which oﬀers element speciﬁcity and sensitivity [10] to spin and
orbital momenta [11, 12]. By tuning X-ray photon energies we measured the XMCD-
dynamics at four absorption edges (L2, L3 of Fe, M4, M5 of Gd) in both GdFeCo
and GdFe alloys. The sum-rule analysis revealed ultrafast dynamics of both spin
and orbital-angular momenta of the sub-lattices in GdFeCo. The ﬁndings show sub-
stantially diﬀerent dynamics of Gd and Fe spins. However, the dynamics of orbital
angular momenta is identical to those of spins. It means that there is no need to
distinguish the orbital degree of freedom in a separate reservoir. We also show that
Co does not play a decisive role for AOS in GdFeCo alloys.
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In order to measure the element speciﬁc magnetization dynamics at various absorp-
tion edges in GdFeCo, we employed a time-resolved pump-probe XMCD experimental
technique at the synchrotron BESSY II of the Helmholtz-Zentrum Berlin (for more
details see Sec. 2.5). This set-up uses both an ultra-short laser in the visible spectral
range to pump the magnetic sample and 100 fs X-ray pulses, obtained from femtoslic-
ing(see Sec. 2.5.1) to probe the laser-induced magnetization dynamics triggered by
pump, respectively. The pump beam is the output from an ampliﬁed Ti:sapphire laser
system operating at 790 nm wavelength and 60 fs pulse duration with 3 kHz repetition
rate. To obtain the XMCD data the dynamics were probed at two diﬀerent helicities
of circularly polarized X-ray pulses. To measure the magnetization dynamics in Fe at
L2 and L3-edges the probe pulse energy was ﬁxed at 716 eV and 704 eV, respectively.
Similarly for the dynamics at M4 and M5, the probe pulse energy was kept at 1215 eV
and 1193 eV, respectively. Two ampliﬁed Ti:sapphire laser systems (one for slicing
and one for pumping) that are seeded by the same oscillator, were used. The slicing
signal comes with 6KHz and we used the pumping laser at 3KHz. Using boxcar
detection, we measured changes in X-ray transmission detected by an avalanche pho-
todiode, as result of the pump induced change in magnetization of the sample. On the
sample we have a measured ﬂuence of 9.37mJ/cm2, with a spot size of 0.8×0.4mm2,
larger than the X-ray spot of 0.3 × 0.1mm2, in order to probe homogeneously the
pumped region. The X-ray and laser beams were incident on the sample at 90 deg.
in a collinear geometry. The pump-probe measurements have been performed for
samples with magnetization saturated and oriented in the direction of the easy axis
of the magnetic anisotropy. For this, we applied a magnetic ﬁeld (0.5T) above the
coercive ﬁeld HC of the sample, extracted from static hysteresis loop measurements
using XMCD. The idea was to study the spin and orbital angular momentum dy-
namics during the ultrafast all-optical reversal triggered by an ultrashort laser pulse.
For this, throughout the measurements the sample temperature was kept constant at
83K, using a cryostat, which is below TM .
6.3 Results
Figure 6.1(a,b) shows the ultrafast dynamic responses of the XMCD obtained at the
Fe-L2 and Fe-L3 edges, respectively. The data is the diﬀerence of two transmission
XAS signals obtained for two opposite magnetization directions and at a ﬁxed circu-
lar polarization of the probe pulse. The signals show an ultrafast and full quenching
of the magnetic signal induced by the laser pump pulse. The magnetization corre-
sponding to both L2 and L3-edges of the Fe-sublattice also reveals that after the
demagnetization the net magnetic moments starts growing in the opposite direction.
In ﬁgure 6.1(c,d) the magnetization dynamics measured up to 12 ps are shown at two
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Figure 6.1: (a) Transient magnetization dynamics at L2 and (b) L3-absorption edges of
Fe for up to 2.5 ps. (c) and (d) The same as (a) but measured at M5 and M4-absorption
edges of Gd, respectively measured up to 12 ps. It is seen that in Gd the all-optical
magnetization reversal occurs at longer time-scales compared to that of Fe. The solid
curves shown in the ﬁgures, are the ﬁts to the corresponding experimental data.
diﬀerent absorption edges Gd-M5, Gd-M4, respectively. In the case of Gd at both
M4 and M5-edges the magnetic signal ﬁrst drops down to 80% and continues to de-
magnetize with a slower speed. The signals obtained for Gd reach zero at around
6 ps and reverses sign. In both elements, the reversal of sign indicate the reversal of
magnetization.
f(t) =
B
2
exp
(
w2
τ21
− τd
τ1
)[
1− Erf
(
w
τ1
− τd
2w
)]
−C
2
exp
(
w2
τ22
− τd
τ2
)[
1− Erf
(
w
τ2
− τd
2w
)]
+D (6.1)
The solid curves in Fig. 6.1 show the ﬁts to the measured data. To describe the
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Figure 6.2: The slopes of the ﬁts to the dynamic XMCD data measured for four absorp-
tion edges-L3, L2, M5, and M4 are plotted as a function of time. Note that the peak
value of the slopes for both the Fe-edges is similar and larger than for the Gd-edges. This
indicates the faster demagnetization time scale for Fe than that of Gd.
data in a systematic way, a double-exponential function convoluted with the time
resolution (100 fs) of the measurement is used (see Eqn. 6.1) [6]. In this equation
the Erf function states for an intergral Gaussian function. w is the dipersion of the
Gaussian (100 fs), while τ1 and τ2 are the time constants characterizing the initial
rapid drop and the slower remagnetization in the opposite magnetization direction.
B and C are the amplitudes of the component describing the demagnetization and
the remagnetization, respectively. The extracted ultrafast demagnetization times are
tabulated in Tab. 6.1. Figure 6.2 shows the diﬀerential curves, obtained by taking
the ﬁrst derivative (df(t)/dt) of the ﬁts shown in Fig. 6.1. Note that for convenience
diﬀerential curves of ﬁts to the XMCD data at L2, M5-edges are inverted to plot them
together with L3 and M4, respectively. These slopes of the time-resolved data show
that the signals measured at the L2 and L3-edges reveal more rapid dynamics than
the signals measured at the M4 and M5-edges.
Since the aim of this study is to look at the orbital angular momentum (LZ)
and spin angular momentum dynamics (SZ) in both the sublattices of GdFeCo alloy
and to see if there is any diﬀerence between the dynamics of (LZ) and (SZ), sum
rules as described by Eqn.6.2-6.5, were applied. In order to derive the magnetic spin
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and orbital moment for the metals according to the sum rule proposed by Carra et
al.[13, 14], one uses circularly polarized light and measures XMCD spectra as discussed
in Sec. 6.2. The spin and orbital sum rules are linked to the dichroism intensities as
shown by Eqn. (6.2) and (6.3) for the transition-metal elements[15] whereas Eqn. (6.4)
and (6.5) are valid for the rare-earth elements[16]. In these expressions, AFe, BFe,
AGd, and BGd, are the XMCD intensities measured at the L3, L2, M5, M4-edges,
respectively. The obtained data for the individual SZ and LZ dynamics is analyzed
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Figure 6.3: The transient spin and orbital angular momentum dynamics measured in
Gd25Fe65.6Co9.4 are shown for Fe in (a) and for Gd in (b). (c) The dynamics of the ratio
of the orbital angular momentum to the spin angular momentum for Fe and (d) the same
for Gd.
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Table 6.1: Demagnetization time scales in GdFeCo
Absorption edge L2 L3 M4 M5
τ1 (fs) 241 223 327 349
Error 164 173 60 45
τ2 (ps) 1.9 1.49 6.1 3.67
separately and compared later to monitor the changes in the magnetization dynamics
of each element. The spin and orbital angular momentum dynamics obtained for both
Fe and Gd are plotted in Figs. 6.3(a,b) respectively. SZ−Fe goes to zero within less
than 500 fs and aligns parallel to the spins of Gd. This parallel alignment of spins of
corresponds to a strongly non-equilibrium state of the magnet. The LZ−Fe, which
is relatively small compared to SZ−Fe, goes to zero within the same time as SZ−Fe
and stays at the same level up to 2.5 ps. To check the mutual evolution of SZ and LZ
in the sub-lattices, we plotted the ratio of LZ/SZ (see Fig. 6.3c for Fe and Fig. 6.3d
for Gd). For the pump-probe delay between 0-0.8 ps, the ratios in both Fe and Gd
have shown a non-monotonous behavior. However, above this the dynamics shows a
monotonous behavior within the experimental error bar. SZ dynamics for both Fe
and Gd are shown in Fig. 6.4 and dynamics of the ratio of these spin moments is seen
in the inset of Fig. 6.4.
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Figure 6.4: Spin angular momentum dynamics of Fe and Gd up to 2 ps are shown. In
the inset the ratio of the spin angular momenta of Fe and Gd are shown.
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LZ−Fe/n3d = −(4/3)(ΔAFe +ΔBFe) (6.2)
SZ−Fe/n3d = (2ΔAFe − 4ΔBFe) (6.3)
LZ−Gd/n4f = −(ΔAGd +ΔBGd) (6.4)
SZ−Gd/n4f = −(2ΔAGd − 3ΔBGd) (6.5)
In order to check if there is any inﬂuence of Co on AOS, we performed the same
experiments on RE-TM system, which does not contain any Co in Gd23Fe77. Figure
6.5a shows the dynamics measured at both the L2 and L3 edges of Fe in this alloy.
The magnetization dynamics measured in Gd at the M4 and M5 absorption edges are
shown in Fig. 6.5b. The Fe-magnetization goes to zero in 500 fs, reverses sign and
rebuilds itself but in the opposite direction on a longer time scale, whereas Gd looses
up to 80% of its actual magnetization within the same time interval and demagnetizes
further. At around 6 ps (not shown), Gd fully demagnetizes and reverses its sign at
longer times scales. In fact, the observed dynamics are very similar to the ones
observed for Fe and Gd in the GdFeCo system.
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Figure 6.5: (a) Transient magnetization dynamics at the L3 and L2-absorption edges of
Fe in Gd23Fe77 measured up to 2.5 ps. (b) Same as left but measured for the M4 and
M5-absorption edges of Gd measured up to 12 ps.
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From ﬁgure 6.1, one can clearly see that within the experimental statistics, which by
the way is the best obtained in X-ray slicing experiments so far, the dynamics at the L3
and L2 in Fe are almost identical. The same dynamic similarity is encountered at the
Gd edges. Applying the sum rules to the experimental data, provides the individual
spin and orbital angular momentum dynamics of each sub-lattice. Figures 6.3(c,d)
show that the ratio between spin and orbital momenta on each of the element hardly
changes as a function of time after 1 ps. It implies that there is no reason to consider
the orbital degree of freedom as an additional reservoir in the 3T-model. In Fig. 6.4
the ultrafast dynamics of the the spin angular momenta of Fe and Gd are plotted
together. One distinguishes the emergence and the time evolution of the transient
ferromagnetic like state, where the magnetizations of Fe and Gd are aligned parallel
to each other despite their initial antiferromagnetic ground state. This state exists
until the spins of Gd-change switch their direction at 6 ps. In the inset of Fig. 6.4,
the dynamic ratio of the spin angular momenta of both the sub-lattices is shown. It is
clearly seen that the spin angular momentum of the Fe-sublattice demagnetizes faster
than that of Gd. Such a diﬀerent dynamics of Fe and Gd shows that for an adequate
description of the laser-induced magnetization dynamics in GdFeCo alloys, the spin
system should be represented by two reservoirs representing Fe and Gd, respectively.
In order to check if there is any role played by Co in the transfer of angular momen-
tum process, we measured the absorption edges in Co as well. However, the measured
XMCD signals were too low to draw conclusions. Comparison of the switching dy-
namics at the Gd and Fe edges in Gd25FeCo and in Gd23Fe77 clearly shows a similar
magnetization dynamics in both the systems. Hence, we can conclude that the role
of Co in all-optical magnetization reversal in GdFeCo alloys is not decisive.
6.5 Conclusions
With the aid of time-resolved XMCD experiments, we have examined the laser-
induced magnetization dynamics in both Gd25FeCo and in Gd23Fe77 samples at four
diﬀerent absorption edges. The sum-rule analysis provides the spin and orbital an-
gular momentum dynamics of both Fe and Gd. The dynamics of Fe is faster than
that of Gd. The comparison of spin and orbital angular momentum in both elements,
shows that these two degrees of freedom have similar dynamics and thus there is no
need to distinguish the orbital degree of freedom, assigning a separate reservoir in
the 3T-model. Our results also clearly show that the switching dynamics in both
Gd25FeCo and in Gd23Fe77 are very similar and hence there is no decisive role of Co
in the all-optical switching observed in GdFeCo alloys.
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CHAPTER 7
Study of ultrafast magnetization dynamics in TbFeCo alloys
for all-optical magnetic recording
In this chapter the optical control of magnetization and laser-induced magnetization
dynamics are presented for magnetically hard TbFeCo alloys. Ultrafast magnetiza-
tion dynamics induced by femtosecond optical pulse irradiation was investigated by a
time-resolved magneto-optical Faraday rotation technique in external magnetic ﬁelds
up to 6T as a function of temperature and pulse energy similarly to GdFeCo. The
temperature dependence shows that the ultrafast demagnetization is the most eﬃ-
cient in the vicinity of the magnetization compensation point. We revealed that the
strength of an external magnetic ﬁeld up to 6T has no inﬂuence on the observed
dynamics. We also investigated the magnetic domain structure, induced by an ultra-
short laser pulse as a function of pulse ﬂuence in TbFeCo alloys. Magnetic domains
as small as 320 nm were recorded and correlations between sizes of the domains and
experimental conditions have been revealed.
7.1 Introduction
As discussed in the previous chapters, one of our approaches to achieve an eﬃcient
and ultrafast AOS on the nanoscale, is to vary the compositions of RE-TM alloys.
The factor which characterizes the stability of the magnetization of the small particles
is given by N = KUV/kT , where KU is the uniaxial magnetic anisotropy constant
and V is the volume of the particle. Since TbFeCo has a KU of 10
6 erg/cm3, at room
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temperature it can form a cylindrical domain of 10 nm height and 20 nm in diameter,
which is enough to attain a recording density of 1Tb/inch2. Such a density will meet
the requirements for the state-of-art data storage systems [1]. Hence, we replaced
Gadolinium with Terbium in our samples and study the eﬃciency of controlling mag-
netization in TbFeCo at ultrafast time scales. The motivation of choosing Tb mainly
comes from the very recent experimental and theoretical works [2–4]. Finazzi et al.
and Ezawa et al. showed that it is possible to form stable magnetic domains as small
as 250 nm all-optically in TbFeCo thin ﬁlms in the form of Skyrmions. The salient
feature of these single Skyrmions is that they can be created or destroyed merely by
light [4]. Ogasawara et al. [2] successfully demonstrated the magnetization reversal
in TbFeCo thin ﬁlms using TR magneto-optical Kerr microscopy. The results clearly
showed the magnetization reversal dynamics in nanoseconds in sub-micron magnetic
domains induced by the femtosecond optical irradiation. However during the experi-
ments, in order to bring the magnetization to its initial state before each pump pulse
arrived the sample was heated with light from a laser-diode (0.5μJ with the spot
diameter of 3.8μm) under applying a relatively small magnetic ﬁeld of 170Oe. These
studies raised the following research questions: How do the dynamics and the eﬃ-
ciency of the laser control of magnetism depend on the composition of TbFeCo? Is
there any inﬂuence of a strong external magnetic ﬁeld on the ultrafast magnetization
dynamics? What is the eﬃciency of ultrafast demagnetization in higher magnetic
ﬁelds? If light can form form stable domains in TbFeCo, how small can they be? and
What are the optimal conditions for AOS in TbFeCo? To answer these questions, we
used two diﬀerent experimental methods as discussed in the following section. Our
results clearly showed that the strength of an external magnetic ﬁeld has no inﬂuence
on the magnetization dynamics. The eﬃciency of ultrafast demagnetization increases
when the sample temperature is brought to the vicinity of the magnetization compen-
sation temperature. Using both confocal and scanning near ﬁeld optical microscopy
(SNOM) we showed that at higher ﬂuences the irradiated areas are turned into multi-
domain states while at lower ﬂuences very stable single domains are formed.
7.2 Experiments
Two diﬀerent experimental schemes were employed for the measurements presented
in this chapter. To study the ultrafast magnetization dynamics, we used a time-
resolved pump-probe technique, as described in Chap.2, along with a 8Tesla-cryostat.
In order to pump the sample, we used 60 fs short laser pulses at the wavelength
of 800 nm. Apart of the light from the laser is sent through an OPA to acquire
the laser pulses with 623 nm wavelength (λ). This pulse was used for probing the
pump induced changes of magnetization. Both the pump and probe beams were
linearly polarized and focussed on the sample in to spots with diameters of 100μm
and 50μm, respectively. Measurements were performed on a amorphous TbFeCo thin
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Figure 7.1: (a) Ultrafast demagnetization dynamics up to 15 ps measured in Tb19FeCo
at 300K is plotted as a function of excitation laser ﬂuence. (b) same as (a) but measured
at 210K.
ﬁlm (see Chap.2 for description and characterization). This alloy is a ferrimagnet, in
which the rare-earth and transition-metal sublattice magnetization MRE and MTM
align antiparallel to each other. They cancel each other out (MRE = −MTM) at the
compensation temperature TM. For the magnetization dynamics study, we chose a
Tb19FeCo sample, fabricated on a glass substrate by sputtering. The sample thickness
is 20 nm covered by a 5 nm thick SiN protection layer. The Curie temperature TC
is about 450K. The magnetization compensation point is below room temperature.
The coercivity starts diverging at 210K. At temperatures below 210K the maximum
available magnetic ﬁeld of 7T was not suﬃcient to saturate the magnetization.
In the second experimental scheme, the sizes of the optically switched domains
were studied using both confocal and scanning near ﬁeld optical microscopy. The
samples were prepared by irradiation with 150 fs linearly polarized single laser pulses
(spot diameter 2μm, λ ≈ 800 nm). Finally, we mapped the out-of-plane component
of the local magnetization with sub-diﬀraction resolution by measuring the Faraday
rotation of linearly polarized light (λ=533 nm) transmitted through the ﬁlm from
a polarization-conserving hollow pyramid tip (aperture diameter 100 nm) that was
scanned over the sample.
7.3 Results
Figure 7.1a shows the laser-induced magnetization dynamics triggered by an ultra-
short laser pulse at room temperature. The temporal origin is set near the rising edge
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Figure 7.2: Ultrafast magnetization dynamics measured in Tb14FeCo at 10K for two
diﬀerent strengths of external magnetic ﬁeld 4T and 5.5T.
of the signals for clarity. The external magnetic ﬁeld of 1.85T, which is larger than
the coercivity of the sample at room temperature, is applied along the easy axis of
the magnetization. Laser-induced demagnetization occurs within 500 fs after the irra-
diation by the pump pulse, and stays at this level up to 15 ps. With increasing pump
pulse ﬂuence, the degree of demagnetization (D) (as deﬁned by Eqn. 4.1) increases
and reaches a maximum of 50% and saturates. Above this ﬂuence, the laser-induced
changes in the sample are irreversible. We measured also the dynamics up to 500 ps.
At longer time scales, the dynamics showed a slow relaxation to its initial state. Fig-
ure 7.1b shows the dynamics measured at 210K while an external magnetic ﬁeld of
6T was applied. The coercivity of the sample at this temperature is 5.5T. This in-
crease in D could be either due to the fact that an external magnetic ﬁeld is applied
or due to bringing the sample close to TM . To reveal if it is temperature or magnetic
ﬁeld that deﬁnes the eﬃciency of the demagnetization, we performed measurements
in diﬀerent magnetic ﬁelds.
The ﬁeld dependent measurements were performed on a Tb14FeCo sample. This
sample has no magnetization compensation point in the temperature range 10K <
T < 300K (see Fig. 3.11c). Figure 7.2 shows the magnetization dynamics measured
up to 300 ps at 10K for two diﬀerent external ﬁeld strengths 4T and 5.5T. It can be
clearly seen that neither the degree of demagnetization nor the relaxation time scales
varied with ﬁeld. This demonstrates that the external magnetic ﬁeld has no inﬂuence
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on the ultrafast demagnetization.
Figure 7.3a shows the dynamics of the magneto-optical signal measured at 10K
for various pump ﬂuences. Note that during this experiment the applied external
magnetic ﬁeld strength was 6T, which is smaller than the coercivity of the studied
sample Tb19FeCo (see the HC vs T curve in Chap.3). At lower ﬂuences, the magne-
tization dynamics showed a step like decrease within 500 fs, similar to the ultrafast
demagnetization at higher temperatures. Afterwards the signal relaxes back to its
initial state within 4 ps. It is interesting to see that at longer time delays the signal
starts to increase exponentially in the opposite direction. This increase lasts up to
longer than 500 ps (see Fig. 7.3b). A slight increase in the pump ﬂuence substantially
changes the dynamics. To understand the processes that deﬁne such a behavior in
ﬁelds lower than the coercive ﬁeld, one needs to perform single shot time-resolved
studies as it is then possible to saturate the sample with an external strong perma-
nent magnet, before the next image is taken at a particular pump-probe delay. The
set-up for such a study is presently under development.
To investigate the size and stability of the magnetic domains induced by an ul-
trashort laser pulse with various pulse energies, we exposed several TbxFe100−x−yCoy
thin ﬁlms with varying compositions (x = 14,16,18,20,22, and 26%) to ultrashort laser
pulses. The exposed areas were analyzed by both confocal and scanning near ﬁeld
optical Microscopes. Figure 7.4a shows the confocal microscope image in which, the
bright and dark regions represent the two opposite states of the magnetization (Note
that the material has out-of-plane magnetic anisotropy). These big areas of magnetic
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Figure 7.3: Ultrafast magnetization dynamics up to 15 ps measured in Tb19FeCo are
shown in a) and dynamics up to 500 ps are shown in b). Measurements were performed
at 10K.
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Figure 7.4: (a) Confocal microscope image scanned on Tb16FeCo sample. The circular
regions are the domains induced all optically. From the top to bottom, the size of the
domains is varied as the ﬂuence of the laser pulses is increased. (b) Same as (a) but the
domains that were induced at the lower ﬂuences of the laser pulse. (c) and (d) show the
scanning near ﬁeld optical microscope images scanned in the rectangular regions that are
marked in (b).
domains were created with the help of an external magnetic ﬁeld of 1T while mov-
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ing the beam across the sample. Then the sample was exposed to ultrashort laser
pulses with a repetition rate of 5Hz, while moving the sample so that only one pulse
hits the sample at a time. This process was repeated for diﬀerent energies per laser
pulse. The exposed areas can be seen as the circular domains in the ﬁgures 7.4a and
7.4b. Figure 7.4a shows the domains formed all-optically. Each line of domains from
the top to the bottom corresponds to diﬀerent laser pulse energies. The size of the
domain increases linearly with an increase in laser pulse energy. Figure 7.4b shows
the similar confocal image of the domain structures for lower pulse energies. Since
the resolution of the confocal microscope is limited by the NA and the wavelength
of the light, it was not possible to clearly image the domains that were induced by
ﬂuences lower than 10mJ/cm2. In Fig. 7.4b, the domains are clearly visible until
line 4. We used SNOM to image the domains in line 5 and line 6, which are partially
visible in the confocal microscope image. The 3μm×3μm region in the rectangle (at
left) in Fig. 7.4b, was scanned by SNOM and the image is shown in Fig. 7.4c. and
Fig.7.4d. A very close study of these images shows that at higher ﬂuences, the laser
pulse pushes the excited sample regions into a multi domain state. In each written
domain only the central part, where the energy of the laser pulse peaks, is clearly
switched and the remaining area is left in a multi-domain state. However, the SNOM
images showed that when the energy of the laser pulse is low enough, it can write a
very small and stable domain which is homogeneously switched. In our measurements
we could induce domains optically as small as 320 nm in various TbxFe100−x−yCoy
thin ﬁlms. To ﬁnd out the threshold intensities that are required for inducing the
smallest possible domains, we used Liu method as will be discussed in Sec. 7.4.1.
7.4 Discussion
From Fig. 7.1, is it clear that the ultrafast demagnetization in Tb19FeCo has a tem-
perature dependence. At room temperature only a maximum of 50% demagnetization
is achieved with a pump ﬂunece of 13.5mJ/cm2. The same ﬂuence causes the D to in-
crease by another 20% when the sample temperature is changed from 300K to 210K.
This kind of demagnetization process is very similar to what we observed in GdFeCo
thin ﬁlms. However, no full demagnetization or ultrafast magnetization reversal has
been observed in TbFeCo thin ﬁlms in the stroboscopic measurements. This diﬀerence
in the dynamics of TbFeCo and GdFeCo may be explained by the large diﬀerence in
spin-orbit coupling in the two rare-earth-metal materials. Gadolinium has an exactly
half-ﬁlled 4f shell. Therefore, its net orbital moment is zero and the spin-orbit cou-
pling is very weak. As a consequence, the spins of the Gd atoms are coupled only
weakly to the lattice, allowing them to follow the Fe spins relatively easily. Terbium,
on the other hand, is known for its strong spin-orbit coupling. Therefore, Tb spins
are not only coupled to the spins of the Fe sublattice, but also to the lattice. Hence
it is diﬃcult to achieve all-optical magnetization reversal in TbFeCo alloys.
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Figure 7.5: (a-d) The area of the optically induced domains as a function of logarithmic
energy of the corresponding laser pulses in various TbFeCo samples.
The dynamics at 10K only showed a partial decrease in the signal at very short
timescales, typically in the 500 ps regime and a relaxation process depends on the
excitation ﬂuence. These measurements can not be explained in a systematic way
yet since the applied external magnetic ﬁeld is not suﬃcient enough to bring the
magnetization of the sample to the same magnetic state before the next pump pulse
arrives.
7.4.1 Estimation of the switching thresholds
Accurate determination of the laser beam spot size focused on to the sample is very im-
portant since the uncertainty in the beam area and the excitation ﬂuence are quadrat-
ically dependent on the uncertainty in spot size. A method which overcomes all the
limitations in measuring accurate spot sizes is Liu method. Khorsand et al. used this
method in order to estimate the switching thresholds of the laser induced magnetic
domains in GdFeCo alloys [8]. At the edge of the switched area, the excitation ﬂuence
is always equal to the switching threshold. As a consequence, the switched area is pro-
portional to the logarithm of the pulse energy with a proportionality constant equal
to the beam area. Area of each and every domain was measured using the WSxM
4.0 Beta 6.0 software. Then the average area of all the optically induced-domains
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Figure 7.6: The switching thresholds for various compositions of TbFeCo alloys is plotted
as a function of Tb-concentration. On the right, the table shows the corresponding
samples in which the swaitching thresholds were measured.
in each line is listed with the corresponding logarithmic laser pulse energy and the
data is plotted, for Tb16FeCo, as is shown shown in Fig. 7.5a. One can clearly see
that the data points are ﬁtted very well into a straight line in a logarithmic plot of
measured area versus the corresponding energy of the laser-pulse. Now the beam
radius parameter is given by the slope of this plot, and the threshold energy can be
calibrated accurately from the intercept on the horizontal axis.
We performed the same experiment on various TbxFe100−x−yCoy thin ﬁlms. Fig-
ures 7.5[b-d] show the plotted data measured in Tb16FeCo, Tb18FeCo, and Tb22FeCo,
respectively. In this way we obtained the switching thresholds for various samples (x
= 14,16,18,20,22, and 26) while changing the thickness (t = 20 or 30 nm) of the mag-
netic layer in x = 22 and 26 samples. These switching thresholds are plotted as a
function of Tb-composition and shown in Fig. 7.6. It is clearly seen that the samples
with the thickness of 20 nm have almost the same switching thresholds. However, the
ﬁlms with the thickness of 30 nm require higher ﬂuences of the excitation laser. In
order to explain this diﬀerence in ﬂuence requirements, we calculated the absorption
proﬁle of the samples after excitation with linearly polarized laser pulses. We solved
the Maxwell’s equations for an incoming beam with a wavelength (λ = 800 nm) to
obtain the electric ﬁeld intensity I in the multi-layer stack which is normalized to the
electric ﬁeld intensity of the incoming beam. The optical ﬂux absorbed in a small
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Figure 7.7: Absorption proﬁles of the Tb16FeCo and Tb22FeCo sample for linearly polar-
ized 800 nm light at normal incidence from the left (see the stack of the layers on the top
of each sub-ﬁgure). (a) shows the absorption proﬁles of the Tb16FeCo with 20 nm and
30 nm thick magnetic layers. (b) The same as (a) but for Tb22FeCo sample. (c) and (d)
show the same as a) but when the magnetic layer is followed by a heat sink AlTi(10 nm)
in Tb16FeCo and Tb22FeCo samples.
region δx around position x in the stack is given by
δA(x) = α(x)n˜(x)I(x)δx (7.1)
where n is the real part of the refractive index, and α is the absorption coeﬃcient.
The refractive index of TbxFe100−x−yCoy thin ﬁlms (x = 16,18,20,22,and 26%) were
obtained from ellipsometry measurements, and the refractive indices of the other lay-
ers were taken from Palik [9]. The absorption Aσ in the TbFeCo layer for polarization
σ can be calculated by integrating the absorption proﬁle as shown in Fig. 7.7(a) for
Tb16FeCo when t = 20 nm and 30 nm, and when the heat sink layer AlTi(10 nm) is
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included after the magnetic layer in the stack of layers are shown in Fig. 7.7(c). Sim-
ilar plots are shown for Tb22FeCo in Fig. 7.7(c,d). By estimating the areas under the
curves, it was possible to calculate the total energy absorbed by the magnetic layer
when the layer thicknesses are 20 nm and 30 nm in both Tb16FeCo and Tb22FeCo
layers. The average energy absorbed per 1 nm by 20 nm and 30 nm thick layers in
Tb16FeCo are 24.26% and 16.97%, respectively. It means that the 20 nm layer ab-
sorbs roughly 43% more than what the 30 nm absorbs. We calculated the same for
the multilayers with an AlTi(10 nm) layer as a heat sink. The calculations showed
that the 20 nm thick layer absorbs 40% per nm more than the 30 nm one. We also
calculated the absorption proﬁles for Tb22FeCo and the results obtained were similar
to that for Tb16FeCo.
7.5 Summary
1. With the aid of time resolved pump-probe experiments in combination with a
8Tesla-cryostat, we have measured the ultrafast demagnetization in Tb19FeCo
and in Tb14FeCo at various temperatures and magnetic ﬁelds.
2. The magnetic ﬁeld strength has no inﬂuence on the laser-induced ultrafast de-
magnetization in Tb14FeCo. Systematic studies showed that the ultrfast demag-
netization is eﬃcient in the vicinity of the magnetization compensation point.
3. Using confocal microscopy and SNOM, we investigated the optically induced
magnetic domains in various TbxFe100−x−yCoy (with x = 14,16,18,20,22, and
26%).
4. Very stable single domains with sizes of 320 nm are optically induced in TbFeCo
alloys. The switching thresholds for recording these domains is hardly dependent
of Tb-composition but strongly depends on the thickness of the TbFeCo layer.
We explained this behavior with the help of the calculated absorption proﬁles
in TbxFe100−x−yCoy alloys.
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”Just as the politics of oil shaped the 20th century industrial economy, so the politics
of data will shape the 21st century digital economy in which the ability to perform re-
liable, fast, cheap, energy eﬃcient and sustainable data processing will play a decisive
role” [Andrew Keen, CNN contributor, January 25, 2012]. Magnetic data storage is
already one of the cheapest, most reliable, and energy eﬃcient technologies in data
processing. However, it has been realized that implementation of optical techniques
in magnetic recording can make this technology even more appealing to the needs of
modern society. Chapter 1 of this thesis describes present day technologies to store
and read magnetic information as well as demonstrates that so far only using fem-
tosecond laser pulse may oﬀer magnetic recording of bits much faster than 100 ps.
In particular, this chapter reviews recent progress in optical control of magnetism
and describes all-optical switching of magnetization in GdFeCo discovered in 2007.
Although using such a switching one can realize the fastest ever write-read event, at
the moment when the work on this thesis was started it was realized that in order
to bring AOS to real applications one has to minimize the pulse energy required for
AOS and achieve higher magnetic recording densities.
The main goals of this thesis were to investigate AOS in GdFeCo alloys in order
to ﬁnd the conditions for the most eﬃcient optical control of magnetization and to
make the next steps in miniaturization of the optically recorded bit size.
Towards these goals in this thesis I employed three approaches:
1) Varying concentrations of Gd in GdFeCo alloys
2) Patterning GdFeCo ﬁlms
3) Changing the composition of the alloys (substituting Tb for Gd as well as using
alloys without Co)
In this thesis, Chap.2 and Chap.3 give an introduction to the techniques and
the materials used in this thesis, respectively. Chap.4 describes the results of our
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study of eﬃciency of the optical control of magnetism in GdFeCo alloys with diﬀerent
concentrations. Varying the Gd-concentration in GdxFe100−x−yCoy alloys showed
that the eﬃciency of ultrafast demagnetization and AOS highly depend on the amount
of Gd present in it. Since the magnetization compensation temperature(TM) also
varies with the RE-concentration, it was also possible to investigate its importance.
We realized that although AOS is possible above and below TM , the AOS requires less
energy if the recording takes place in the vicinity of TM . A qualitative explanation
of the results is based on a model in which Gd plays a role of an additional reservoir
of angular momentum.
Chapter 5 is dedicated to the study of AOS in patterned GdFeCo. In particular,
we patterned Gd26FeCo thin ﬁlms into micro-structures with various structure sizes
50× 50μm2, 15× 15μm2, 5× 5μm2, 2× 2μm2, and 1× 1μm2. By modifying a
commercial confocal microscope and combining it with time-resolved pump-probe
technique, we could address the magnetization dynamics in structures as small as
1× 1μm2. The ﬁndings showed that ultrafast demagnetization and AOS are very
eﬃcient in smaller structures. Finite diﬀerence time domain (FDTD) simulations
supported our experiential ﬁndings by showing that the absorption of the light is
dominant in the structure smaller than the pump beam spot size (5μm). This is due
to the fact that light scattered from the edges of the sample travel like a standing wave
within the sample. The constructive interference between various waves, causes the
sample to absorb more energy. The comparison between the absorption proﬁles with
and without interference eﬀects showed that there is a 60% more absorption. The
results discussed in Chap.4 and Chap.5 concluded that in order to have an eﬃcient
control of ultrafast demagnetization or AOS in GdFeCo alloys, a patterned thin ﬁlm
of GdFeCo alloy into micro-structure should be placed in the vicinity of its TM .
Chap.6 of this thesis tries to reveal fundamental aspects of the AOS switching
using XMCD techniques. In particular, nowadays theories of ultrafast optical control
of magnetism in metals are based on a so called 3T-model which describes the laser-
induced processes as a result of energy and angular momentum transfer between
electrons, spins and lattice degrees of freedom. The model does not take into account
either orbital degree of freedom or complex magnetic structure of magnets which may
consist of several chemical elements such as GdFeCo. In order to understand the role
of spin and orbital angular momentum dynamics for AOS in GdFeCo alloys, we used
the powerful time-resolved X-ray magnetic circular dichroism technique. By obtaining
the dynamics of XMCD at four diﬀerent absorption edges (L2, L3 of Fe and M4, M5
of Gd), we successfully extracted the ultrafast dynamics of spin and orbital angular
momenta in both Fe and Gd-element, speciﬁcally with the help of valid sum-rule
analysis. The comparison of spin and orbital angular momentum in both elements,
shows that these two degrees of freedom have similar dynamics and thus there is no
need to distinguish the orbital degree of freedom, assigning a separate reservoir in
the 3T-model. Our results also clearly show that the switching dynamics in both
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Gd25FeCo and in Gd23Fe77 are very similar and hence there is no decisive role of Co
in the all-optical switching.
In Chap.7 we replaced Gd by Tb and studied TbFeCo alloys. The latter have
much stronger magnetic anisotropy and thus allows recording of much smaller and
stable magnetic domains than in GdFeCo. In order to investigate the stability of these
smaller domains, we used both confocal and scanning near ﬁeld optical microscopes.
Optically-induced magnetic domains as small as 320 nm were detected. Similarly to
GdFeCo, we revealed that the eﬃciency of the ultrafast demagnetization increased
when the sample temperature was closer to its TM . The switching thresholds obtained
for two diﬀerent thicknesses 20 nm and 30 nm of TbFeCo thin ﬁlms showed that
the layers with 20 nm thick require less energy compared to those of 30 nm layers.
Unfortunately, we could not progress further with investigation of the dynamics and
properties of the AOS in TbFeCo. Contrary to single shot measurements which clearly
demonstrate AOS in TbFeCo, stroboscopic pump-probe measurements of dynamics
of the eﬀect in TbFeCo would require application of magnetic ﬁelds higher than the
coercive ﬁeld of the material. In the vicinity of the compensation temperatures, where
the AOS is the most eﬀective, the coercive ﬁelds of the studied samples were much
higher than ﬁelds (7T) available in our experiments.
As a outlook, I foresee that investigation of the AOS in TbFeCo both time and
spatially-resolved would allow one to develop a new research area of femtosecond op-
tical control of magnetism at the nanoscale. As it was shown in Chap.7, performance
of such experiments would require development of new experimental techniques allow-
ing pump-probe measurements in magnetic ﬁelds above 7T with both subpicosecond
temporal and submicron spatial resolution. Note that fabrication of plasmonic an-
tennas on the top of TbFeCo, in principle, help to localize the eﬀect of light on the
magnet and hopefully lead to AOS of even smaller domains than 300 nm.
Finally, I would like to note that the AOS has so far been observed only in ma-
terials containing rare-earth metals. This fact substantially reduces the potential of
the method for future technology as the rare-earth are becoming so-called critical
materials. These materials have high demand, limited substitutes and are at risk for
supply disruptions. Finding AOS in materials which do not contain any rare-earth
is another problem, the solution of which might make AOS not only fast and energy
eﬃcient but also a cheap technology.
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Samenvatting
“Net zoals de oliepolitiek de industrie¨le economie van de 20ste eeuw heeft vorm
gegeven, zal de datapolitiek de digitale economie van de 21ste eeuw vormgeven. Hierin
zal de mogelijkheid om betrouwbaar, snel, goedkoop, energiezuinig en duurzaam data
te kunnen verwerken een beslissende rol spelen”[Andrew Keen, CNN verslaggever,
25 januari 2012]. Magnetische data opslag is al een van de goedkoopste, meest be-
trouwbare en energie eﬃcie¨ntste technologiee¨n in de data verwerking. Echter, de
implementatie van optische technieken in magnetische data opslag kan deze tech-
nologie nog aantrekkelijker maken voor de behoeften van de moderne maatschappij.
Hoofdstuk 1 van dit proefschrift beschrijft hedendaagse technologiee¨n om magnetis-
che informatie op te slaan en te lezen. Daarnaast laat het ook zien dat het gebruik
van femtoseconde laser pulsen de mogelijkheid kan bieden om een magnetische bit op
te slaan binnen 100 ps. Dit hoofdstuk geeft verder een overzicht van de vooruitgang
in de optische controle van magnetisatie en beschrijft het volledig optisch schakelen
(VOS) van de magnetisatie in GdFeCo, zoals ontdekt in 2007. Alhoewel deze manier
van schakelen van magnetische bits in de snelste schrijf-lees actie resulteerde op het
moment dat het werk in dit proefschrift startte, realiseerde men zich dat om VOS in
echte toepassingen te kunnen gebruiken de minimum benodigde energie per puls om
te schakelen verlaagt zou moeten worden. Verder zou er ook een hogere gegevens-
dichtheid behaald moeten worden, dat wil zeggen kleinere bits. De hoofddoelen van
dit proefschrift zijn om VOS in GdFeCo te onderzoeken zodat we de condities kunnen
vinden waarin de magnetisatie het meest eﬃcie¨nt met licht gemanipuleerd kan worden
en om de volgende stappen te zetten in de verkleining van de optisch geschreven bit.
Om deze doelen te bereiken gebruik ik in dit proefschrift de volgende methoden:
1) Het varie¨ren van de concentraties Gd in GdFeCo legeringen
2) Het Structureren van GdFeCo ﬁlms
3) Het veranderen van de compositie van de legeringen (Gd vervangen door Tb en
113
114 Samenvatting
het gebruik van legeringen zonder Co)
In de hoofdstukken 2 en 3 wordt een beschrijving gegeven van de technieken en
materialen die in dit proefschrift worden gebruikt. Hoofdstuk 4 beschrijft het resul-
taat van onze studie naar de eﬃcie¨ntie van het optisch controleren van magnetisme
in GdFeCo legeringen met verschillende Gd concentraties. Het varieren van de Gd
concentratie in GdFeCo legeringen laat zien dat de eﬃcie¨ntie van ultrasnelle demag-
netisatie en VOS zeer afhangt van de hoeveelheid Gd in de legering. Omdat de
magnetisatie compensatie temperatuur (TM ) varieert met de zeldzame aarde concen-
tratie was het ook mogelijk om het belang van deze temperatuur te onderzoeken.
We realiseerden ons dat alhoewel VOS mogelijk is boven en onder TM , VOS minder
energie nodig heeft als het schakelen vlakbij TM plaats vind. Een kwalitatieve verk-
laring van deze resultaten is gebaseerd op een model waarin Gd de rol speelt van een
reservoir voor impulsmoment.
Hoofdstuk 5 is toegewijd aan de studie van VOS in gestructureerd GdFeCo. Hi-
ervoor werden dunne ﬁlms van Gd26FeCo gestructureerd met verschillende structuur
grootte: 50× 50μm2, 15× 15μm2, 5× 5μm2, 2× 2μm2, en 1× 1μm2. Door een
commercie¨le confocale microscoop aan te passen en hem te combineren met een tijd-
opgeloste pomp-sonde techniek waren we in staat om de magnetisatie dynamica in
afzonderlijke structuren tot aan 1× 1μm2 te observeren. De bevindingen lieten zien
dat ultrasnelle demagnetisatie en VOS erg eﬃcie¨nt zijn in kleinere structuren. Finite
Diﬀerence Time Domain (FDTD) simulaties ondersteunden onze bevindingen door te
laten zien dat de absorptie van licht dominant is in structuren die kleiner zijn dan
de pomp bundel spot (5μm). Dit komt omdat licht dat verstrooid wordt aan de
randen staande golven vormt in de structuur. De constructieve interferentie tussen
de verschillende golven veroorzaakt een hogere absorptie van energie. De vergelijking
tussen de absorptie proﬁelen met en zonder interferentie laten zien dat er 60% meer
absorptie is met interferentie. De resultaten besproken in hoofdstuk 4 en 5 leiden tot
de conclusie dat om een eﬃcie¨nte controle over de ultrasnelle magnetisatie van VOS
in GdFeCo te hebben, je een met micro structuren gestructureerde GdFeCo legering
zou moeten gebruiken in een omgeving met een temperatuur dichtbij de TM van de
legering.
In hoofdstuk 6 van dit proefschrift wordt geprobeerd om fundamentele aspecten
van VOS zichtbaar te maken door het gebruik van ro¨ntgen magnetische circulair
dichroisme (XMCD) technieken. Tegenwoordig zijn theoriee¨n over ultrasnelle optische
controle van magnetisatie in metalen gebaseerd op het zogenoemde drie temperatuur
(3T-) model, welke een beschrijving geeft van de laser geı¨nduceerde processen als
een resultaat van energie en impulsmoment overdracht tussen elektronen, spin en
rooster, welke ieder door een eigen temperatuur worden gekarakteriseerd. Dit model
houdt geen rekening met het draaimoment in de complexe magnetische structuren van
magneten welke uit meerdere chemische elementen bestaan zoals GdFeCo. Om de rol
van de spin en draai-impuls voor het VOS in GdFeCo te snappen hebben we gebruik
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gemaakt van de tijd-opgeloste XMCD techniek. Door de dynamica te meten op vier
verschillende absorptie randen (L2, L3 van Fe enM4,M5 van Gd) en gebruik te maken
van de geldige somregel analyse, hebben we succesvol de ultrasnelle dynamica van de
spin en hoekdraai momenten in zowel Fe als Gd gemeten. De vergelijking van de spin
en hoekdraai momenten in beide elementen laat zien dat deze twee vrijheidsgraden
vergelijkbare dynamica vertonen en dat er dus geen rede is om een onderscheid te
maken voor het draaimoment door een appart reservoir aan het 3T-model toe te
voegen. Onze resultaten laten ook duidelijk zien dat de omschakel dynamica in zowel
Gd25FeCo als Gd23Fe77 erg vergelijkbaar zijn en dus dat Co geen bepalende rol speelt
in volledig optisch schakelen.
Ten slotte vervangen we in hoofdstuk 7 Gd door Tb en bestuderen we TbFeCo. De
laatstgenoemde legering heeft een veel sterkere magnetische anisotropie. Vergeleken
met GdFeCo laat dit het schrijven van veel kleinere en stabielere magnetische domeinen
toe. Om de stabiliteit van deze domeinen te onderzoeken hebben we gebruik gemaakt
van zowel een confocale als een raster nabije-veld optische microscoop. Optisch
geı¨nduceerde magnetische domeinen zo klein als 320 nm zijn waargenomen. Net als
in GdFeCo hebben we aangetoond dat de eﬃcie¨ntie van de ultrasnelle demagnetisatie
groter is als de temperatuur dichtbij TM ligt. De drempelwaarden welke voor twee
verschillende diktes, 20 en 30 nm TbFeCo, werden gevonden laten zien dat de lagen
met een dikte van 20 nm minder energie nodig hebben vergeleken met de lagen met
een dikte van 30 nm. Helaas konden we geen verdere vorderingen maken in het onder-
zoeken van de dynamica en eigenschappen van VOS in TbFeCo. In tegenstelling tot
enkele schot metingen welke duidelijk VOS laten zien in TbFeCo, is er voor strobo-
scopische pomp-sonde metingen van de dynamica van dit eﬀect een magnetisch veld
nodig dat groter is dan het coersieve veld van het materiaal. In de nabijheid van de
compensatie temperatuur waar VOS het meest eﬀectief is, is het coersieve veld van
TbFeCo veel groter dan beschikbaar (7T) in onze experimenten.
In de toekomst voorzie ik dat het onderzoeken van VOS in TbFeCo met zowel tijd
als ruimtelijke resolutie het mogelijk zal maken om een nieuw onderzoeksgebied te
ontwikkelen van femtoseconde optische controle van magnetizatie op de nanoschaal.
Zoals gepresenteerd in hoofdstuk 7 is het voor het doen van zulke metingen nodig om
een nieuwe experimentele techniek te ontwikkelen die pomp-sonde experimenten in
magnetische velden groter dan 7T toestaat met zowel subpicoseconde tijds en submi-
crometer ruimtelijke resolutie. Merk op dat de fabricage van plasmonische antennes
bovenop TbFeCo in principe helpt om het eﬀect van licht op de magneet te localizeren
en hopelijk leidt tot VOS van domeinen kleiner dan 300 nm.
Ten slotte zou ik willen opmerken dat VOS tot nog toe alleen is waargenomen in
materialen die zeldzame aarden bevatten. Dit feit verkleind de kans dat deze methode
in de toekomst wordt toegepast omdat zeldzame aarden zogenoemde kritische mate-
rialen zijn. Naar deze materialen is een hoge vraag, ze zijn gelimiteerd te vervangen
en lopen risico op bevoorraadingsproblemen. Het vinden van VOS in materialen die
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geen zeldzame aarde elementen bevatten is een ander probleem. De oplossing hier-
voor zal van VOS niet alleen een snelle en energie eﬃcie¨nte maar ook een goedkope
technologie kunnen maken.
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